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Abstract
Laponite synthetic clay has been modified via exchange with (M = Al,
Ga, Fe or In) pillaring species and further exchanged after calcination with various 
metal species. The chemically tailored materials produced have been characterised 
using powder XRD, thermal analysis, N2 sorption at 77 K, FT-IR and MAS-NMR 
spectroscopies. Preliminary testing as to their suitability as deNOx catalysts has been 
carried out both through direct catalytic testing and in-situ FT-IR spectroscopy with 
NO sorbate.
The pillaring species themselves were also investigated through precipitation of their 
sulphates and characterisation by powder XRD, as synthesised and after heating to 
1150 °C, thermal analysis and FT-IR and MAS-NMR spectroscopies. None of the 
“AliiM^^ Keggin sulphates” (M = Al, Ga, Fe or In) were single phase materials, all 
containing the Aln^^ Keggin sulphate and at least one other phase.
The successful exchange and pillaring o f the Laponite parent clay was demonstrated 
through ^^Al MAS-NMR by the observation the of resonance assigned to tetrahedral 
AIO4. ^^Si MAS-NMR showed the presence o f both layer and edge Si sites and 
the emergence of a resonance corresponding to Q^(IOH) Si sites upon exchange of 
the parent clay. Heating the exchanged material resulted in the disappearance of this 
resonance, but a further resonance was observed corresponding to Q \lA l)  Si sites, 
further confirming a successful pillaring reaction.
N% sorption at 77 K gave isotherms consistent with the presence of both micropores 
and mesopores and specific surface areas in the range 260 m^g‘’<SBET<360 m^g'\ 
with Kelvin pore diameters between 35 and 39 Â. Upon heating the exchanged clays, 
no major change in the specific surface area was observed up to 600 °C, with the
Kelvin pore diameter reaching a maximum at 400 °C but maintaining at least its 
original value up to 700 °C.
In-situ FT-IR spectroscopy of Co^^-exchanged “AliiFe^ **'” Laponite in the presence 
of NO revealed a number of surface species (most notably nitrates, N2O and NO2) 
and suggestions have been made as to their route of fonnation.
Catalytic testing of a range of materials for N2O destruction in both the presence and 
absence of CH4 showed a number to achieve 100 % conversion at low reactant flow 
rates, with the V-exchanged AIb^^ Laponite showing the highest potential as a 
deN2 0  catalyst.
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C hapter 1 
Introduction
1.1 The Need for Atmospheric “Clean - up” [^ » 2]
It is claimed that urban smog in the winter of 1952 prematurely killed over 4000 
people in London. It is thought that this smog was caused mainly as a result o f smoke 
and sulphur dioxide produced from the combustion of coal. This problem was all but 
eliminated by the introduction o f smokeless zones and the passing of the Clean Air 
Acts o f 1956 and 1968.
Concern for air quality is again increasing as the demand (especially in the Western 
World) for energy increases. In order to meet these needs an increasing amount of 
fossil fuel is being burnt. This increased combustion of fossil fuels has resulted in an 
increase in emissions o f atmospheric pollutants such as fly-ash, dust and oxides of 
sulphur and nitrogen. It is these emissions that are blamed for the fonnation o f acid 
rain, water pollution and also a general decrease in air quality.
Further atmospheric pollution is caused by the internal combustion engine. The 
incomplete combustion of hydrocarbons used in automobiles and aeroplanes result in 
the formation of carbon monoxide, volatile hydrocarbons including aromatics and 
oxygenated species, particularly during the idling and deceleratory periods and 
deceleratory stages in the combustion engine. A further problem is the production of 
oxides o f nitrogen. During the acceleratory stage nitrogen is drawn into the engine as 
part o f the air supply, nitric oxide, NO, is then produced at high temperatures in the 
engine and is oxidised to NO2 upon coohng. These oxides o f nitrogen are 
conveniently referred to as NOx. Although some NOx is produced in nature, between 
50 and 60% is produced by the combustion engine, with a further 30% or so being
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produced from the combustion of fossil fuels for the electricity supply industry.
Nitric oxide is harmful to humans as it diffuses through the epithelium and adjacent
- 3capillaries, damaging alveolar-structures, with levels as high as 300 pg(N0 2 ) m 
possibly causing irreparable damage to the lungs.
The oxidation of NO in the atmosphere by ozone depletes background levels of j
ozone (eqn. [1.1]).
NO + O3 —> NO2 + O2 [1-1]
Photolysis of NO2 also occurs in the atmosphere, depleting NO2 at first glance (eqn.
[1.2]).
NOz + A v-^N O  + O [1.2]
{à  < 430«m)
However, a further reaction (eqn. [1.3]) results in the formation o f ozone.
O + O2 + G —> 0 3  + G [1.3]
(G = N2 0r 0 2 )
A combination of the reactions above results in the production and build up of ozone 
and NOx. This, together with the formation o f peroxyacetylene nitrates (PANs) via 
OH radical reactions, can result in the formation of photochemical smog.
Western governments and the EU are attempting to reduce the levels of these 
pollutants and have set limits in many cases e.g. the EU limit for NOx has been set at 
200 pg m'^ in terms of the 98*^  percentile hourly yearly average. These limits do not, 
however, mean that the pollution levels have been decreased, as in December 1991 
NOx values of 730 pg m'^ were measured in London but the 98*^  percentile limit was 
not exceeded.
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1.2. The Reduction of NO*
The reduction of NOx produced by automobiles and by industry can be achieved in 
one of two ways, with the best results coming from a combination of both.
1.2.1. Prim ary Measures (Combustion Control)^^*
Combustion control measures are the most cost-effective methods of reducing NO% 
emissions. All combustion control measures reduce the levels o f NOx in one of two 
ways:-
i. Reduce the 0% level at peak temperature.
ii. Minimise the peak temperature and fuel residence time.
These goals can be achieved by a reduction of flame temperature or by injecting fuel 
into the burner in a different manner.
In the case of the automobile, the only primary measure available to reduce NOx 
emissions is engine modification.^^^ In this case the engine is modified so as to allow 
a proportion of exhaust gas to be reinjected into the cylinder, replacing some of the 
air present. This lowers the combustion temperature o f the engine, thereby reducing 
the amount of NOx produced.
In the case o f stationary NOx sources, such as power stations and other industries 
relying on the combustion of fossil fuels, a number of options are possible. The four 
most widely used primary measures for stationary sources are briefly discussed 
below.
i. Flue-Gas Reduction (FGR). This method is similar to that for the automobile
in that flue gas is re-circulated into the reaction chamber thus reducing the 
flame temperature. FGR can be used to reduce NOx emissions by up to 50%.
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ii. Low Excess Air (LEA). The amount of oxygen available for combustion is 
reduced, allowing reductions in NOx production of 15 - 20% in oil and gas 
type boilers. Problems do arise, however, due to instabilities forming in the 
flame and due to increased CO production.
iii. Staged Combustion (SC). Particularly effective in oil-fired burners, two main 
types are found. In over fired air (OFA) or staged combustion burners (SCB) 
diverted air is injected into the burner from a secondary source. In the case of 
low- NOx burners (LNB)*^ ’^"^  ^the flame is created so as to be deficient in either 
air or fuel.
iv. In-Fumace Reduction (IFR).^^  ^ A relatively new technique in which
approximately 10% of the fuel is injected into the flame at ca. 1100 °C,
therefore reducing NOx to N2. This technique is reported to reduce NOx
emissions by up to 90%.
1.2.2. Secondary (Post Combustion) Measures
Secondary post combustion (catalytic) measures can be further subdivided into three
categories:-
i. Selective Non Catalytic Reduction (SNCR).^ '^^  ^A high temperature technique
whereby ammonia is introduced into the upper part of the boiler at 
temperatures of 850 -  1050 °C, reducing the NOx to N2 and water.
6NO + 4NH3 5N2 + 6H2O [1.4]
6NO2 + 8NH3 TNz + I2H2O [1.5]
A side reaction may also occur.
4NH3 + 3 O2 -»  2N2 + 6H2O [1.6]
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This process has a number of drawbacks. Firstly, a high ratio o f NHg/NOx is 
required, which can result in ammonia leakage and salt formation. Secondly, 
the process is only effective over a temperature range of 200 °C, which is 
often a too narrow a range for large plants. Also, there is the possibility o f 
adsorption of ammonia on fty-ash in high dust systems.
ii. Non-Selective Catalytic Reduction (NSCR). An excess of reducing agent e.g. 
ammonia, is added to the flue gas. This reacts with any residual oxygen and 
other easily reducible species. The NO present is then reduced to N% over a 
noble metal catalyst in the presence of excess reducing agent. The major 
drawback is that the necessary large amounts o f reducing agent make the 
process very costly.
iii. Selective Catalytic Reduction (SCR). Relies on the NOx-containing gas being 
passed over a catalyst at a moderate temperature (150 - 450°C) together with 
a reducing agent such as NH3, CO or hydrocarbon.
Selective Catalytic Reduction
Many compounds have been investigated with respect to their SCR compatibility,
with the most important so far being expensive supported precious and transition
metals and metal oxides.
There are a number of problems associated with the use of SCR catalysts.
i. Poisoning of the catalyst with oxides of sulphur (SOx), water vapour and 
residual oxygen.
ii. Coke formation on the surface o f the catalyst due to the occurrence of 
hydrocarbon cracking side reactions and the deposition o f chemicals such as 
ammonium hydrogen sulphate on the catalyst at low temperatures.
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iii. Blocking of the catalyst beds with dust and other particulates.
1.3. Clays and modified Clays
1.3.1 Clay structure^^ ’’
The hydrous layered silicates, more commonly known as clay minerals or simply as 
clays, are part of the larger family of phyllosilicates and can be considered as being 
made up of two fundamental building units;- the tetrahedral layer and the octahedral 
layer.
The tetrahedral layer
The clay minerals contain continuous two dimensional layers composing
sheets. Individual Si0 4  units are linked by the sharing of three comer (base) oxygen 
atoms forming a hexagonal array (figure 1.1). The fourth apical oxygen is 
perpendicular to the tetrahedral layer.
J
e Silicono Apical Oxygeno Basal Oxygen
Figure 1.1. The hexagonal array of silica tetrahedra and the position of the basal and 
apical oxygen atoms in the {SijO^ sheet.
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The Octahedral Layer
The clay minerals also contain an octahedral sheet consisting of metal cations of 
octahedral co-ordination with either and/or OH ions.^ '®^  In most cases the metal 
species are Mg^^, Fe^^ or Fe^\ although other medium sized cations such as 
LC, Cu^^ and Mn^^ are sometimes encountered. These octahedra are linked laterally 
by edge sharing as is illustrated in figure 1.2 .
o Mg O O
Figure 1.2. Schematic of the octahedral layer.
OH
Only four of the possible six oxygens are involved in edge sharing. The two non­
shared oxygens give rise to an overall negative charge of -2 per octahedron. The 
balancing of this charge gives rise to two types of octahedral layer. In the case of an 
octahedral layer formed with a divalent metal, every octahedron will contain a cation 
at its centre, resulting in a trioctahedral sheet. Octahedra containing trivalent cations
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result in a dioctahedral layer in which only two thirds of the available cationic sites 
are filled. Hence results in a trioctahedral layer of brucite type while 
results in a dioctahedral layer of gibbsite type as shown in figure 1.3.
(a) (b)
Figure 1.3, Representation o f (a) a dioctahedral layer and (b) a trioctahedral layer. 
Formation o f  the Clay Layer^^'^^
The clay layer is formed through the condensation of the tetrahedral and octahedral 
layers as a result of the sharing of the apical oxygens of the tetrahedral layer and the 
oxygens of the octahedral layer as shown in figure 1.4.
OAI *Si o O © O H
octahedral
sheet
tetrahedral
sheet
Al
OH
OH
Si
Al
Si
Figure 1.4. The condensation o f the tetrahedral and octahedral layers.
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This is possible geometrically by virtue of the comparable distance apart of 
neighbouring oxygens involved (0 -0  » 2.1 k )  in both sheets. There are, however, 
differences in the a and b parameters of the two layers, which result in the less rigid 
tetrahedral layer being distorted such that the Si-O-Si bond angle is twisted and lies 
between 180° and 120°. This causes tetragonal distortion such that the hexagonal 
rings of the tetrahedral layer are better described as ditrigonal holes with the free 
remaining OH groups of the octahedral layer in the centre of each ditrigonal hole. 
The condensation of one tetrahedral layer with one octahedral layer results in the 1:1 
or TO layered structure, whilst the condensation of one octahedral layer with two 
tetrahedral layers results in the formation of the 2:1 or TOT layered structure (figure 
1.5).
1:1 Layer 2:1 Layer
^ tet. sheet 
oct. sheet 
tet. sheet
tetrahedral cation 
octahedral cation
•  oxygen 
o oxygen & hydroxyl (in projection) 
•  hydroxyl group
Figure 1.5. The formation of 1:1 and 2:1 clay layers.
In the case of the 2:1 layered structure there is inversion of the upper tetrahedral 
layer so that the apical oxygens point down towards the octahedral layer.
This condensation process results in both anion planes of the octahedral layer being 
of equal O, OH composition. Further condensation can occur giving us 2:2 or 2:1:1
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layered structures resulting from the condensation of octahedral layers between 2:1 
sheets. These structures are often referred to as TOTO. Electroneutrality is not 
achieved during these condensation processes and comes about through the presence 
of individual or hydrated cations between condensed clay layers.
1.3,2. Classification of Clay M inerals
It is possible to subdivide clays into a number of subgroups according to several 
criteria. It is most common to classify according to layer type (2:1 or 1:1), charge 
density, octahedral layer type (di- or trioctahedral) and the location of isomorphic 
substitution.
The chemical formula of a clay can also give structural information. In the general 
formula, the cation composition of the tetrahedral and octahedral layers respectively 
are represented by the subscripts IV and VI respectively. In the case of 1:1 clays, the 
anionic group is represented by the Oio(OH)g unit (e.g. Kaolinites, eqn. 1.7), whilst 
in the case of the 2:1 clays the anionic group is represented by the 0 2 o(OH)4 group.
(SOAAUf'OioCOH)* [1.7]
The grouping of the main types o f clays according to the above criteria is shovm in 
table 1.1.
Smectites
The most important of the clay minerals with respect to this research is the smectites, 
in particular, Laponite.
The smectites are 2:1 clays, their ideal structure being shown in figure 1.6.^ ’^^ ’^*^  ^
They have a number of properties making them ideal for the formation of pillared
10
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clays (see section 1.4), such as swelling ability, a cation exchange capacity (cec), 
relatively high stability and appropriate particle size.
(a)
(b)
Na .nHjO
Interlayer
distance,
d-spacing
•  Metal 
o Silicon 
O  Oxygen
#  Silicate oxygen and hydroxyl group in projection 
\  2 bonds: one to silicate oxygen, one to hydroxyl
Figure 1.6. The ideal structure of a Na^ smectite clay. The view of (a) seen from 
below is shown in (b).
11
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Both di- and tri-octahedral minerals are found in the smectite group, with the 
possibility of isomorphic substitution in both the tetrahedral and octahedral layers. 
Whilst the substitution of ions of the same charge is common in octahedral positions, 
substitution o f ions o f lower charge into octahedral or tetrahedral sites results in the 
production o f negative charges on the layers which are subsequently balanced by 
interlayer cations (usually N a \  Ca^^ or Mg^"^. However, the only example of a 
monovalent substitution into the octahedral positions o f a smectite is that by L i\ 
These possible substitutions and the availability of both di- and trioctahedral layers 
in the smectite clay results in four types of smectite clay as illustrated in table 1.2 .
M ineral Octahedral layer Isomorphic type substitution Idealised general formula
montmorillonite dioctahedral Al"+byMg^+ M»/y>'+(Si8r(Al4-xMg^''‘O20(OH)4
beidellite dioctahedral Si"+byAl^+ Mrf/*(Si8-xAlx)"(Al4f'O20(OH)4
hectorite Trioctahedral M g^^byL f Mxy>'"^ (Si8)‘''(Mg6-xLi,)"O20(OH)4
saponite Trioctahedral S i^ ^b y A p M^)'+(Si8.xALf(Mg6fO20(OH)4
Table 1.2. Structural differences of the main smectite clay types 
Laponite
Laponite is a synthetic hectorite o f high surface area manufactured by Rockwood 
Additives. Laponite has an X-ray diffraction profile showing 00/ basal reflections 
and weak diffraction peaks (see chapter 3). The estimated lattice parameters are a  = 
5.23, b = 9.08Â, with c being variable depending upon the exchangeable cations and 
the relative humidity (RH) of the interlayer solvating liquid. The structure of 
Laponite is shown in figure 1.7. Of the available forms of Laponite, Laponite RD
13
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filter cake has been used in this work. Typical characteristics o f dried Laponite RD 
are shown in table 1.3.
Property Laponite RD
Chemical name sodium magnesium lithium silicate
% mass (dry weight)
Si02 59.5
MgO 27.5
LizO 0.8
NazO 2.8
F 0.0
loss on ignition 8.2
Moisture content o©/ 
(loss at 105 °C)
Apparent bulk density 1200 kg m'^
Specific surface area
(by Nz adsorption)
Cation exchange capacity 55 meq (100 g)'^
Solubility in water Insoluble
pH (2% suspension) 9.8
Table 1.3. Technical data for Laponite
14
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idea l i sed  structural  form ula
tr ioctahedral  s m e c t i t e
te trahedral
octahedra l  0 '  0  0  0  0  0
V y  ' X  T  ■
m Na
* o
m Si 
0  OH
e  Mg, Li
te trahedral  % .m
Interlayer  Region
#  Si 
» O
#  Na
Figure 1.7. The idealised structure of Laponite
An interesting feature of Laponite is the shape of the clay platelets. The platelets are 
discotic, approximately 25 nm in diameter and 0.92 nm thick, which results in them 
adopting a FE (face to edge) stacking configuration.^’ It is thought that the faces of 
the platelets carry negative charge, with the edge of the platelets carrying a positive 
charge. A representation of a Laponite platelet is shown in figure 1.8 (overleaf).
1.3.3. Further Properties of Clays
Exchangeable Cations
The isomorphic substitution into the tetrahedral and octahedral layers results in the 
clay sheets carrying a net negative charge. This is compensated for by the presence 
of various counter cations in the interlayer area in order to achieve electroneutrality. 
As mentioned earlier, these cations can be exchanged for other cations, giving a fast
15
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and convenient method of chemically modifying the parent clay. The presence of 
these exchangeable cations also finds applications for clay minerals in the cleansing 
of industrial wastes and ground waters.
Figure 1.8. A Laponite platelet.^’^^
Layer Charge Heterogeneity
The cation density and mean layer charge density as a result o f isomorphic 
substitution are not distributed homogeneously among the layered particles of a 
clay.^’* ’^  ^ The result of this is that the entire clay may contain a specific type of 
charge balancing cation or individual clay platelets may contain different types of 
cations. This is referred to as layer charge heterogeneity.
Cation Migration
The interlayer cations of a clay have an amount of mobility in the clay structure. If 
the clay is heated, however, these cations may migrate irreversibly into the 
octahedral layer of the clay. This migration is referred to as the Hoffmann-Klemen
1 6
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(HK) effect after the researchers who discovered itJ^’’^ In order for this migration to 
be possible, four conditions must be met:-
111.
The clay layer must have a negative charge by virtue o f its octahedral layer. 
The octahedral layer must have vacant sites, as is the case in dioctahedral 
clays.
The migrating cations must be small enough to migrate through the ditrigonal 
Si-O rings o f the tetrahedral layer into the octahedral region of the clay. The 
effect only tends to happen at elevated temperatures.
This HK effect has been investigated for Cu^^, Mg^ "^ , n P’’', H^ and Li^ cations and 
results in the cations becoming trapped in the layers of the clay,^^’’ the cations
become non-exchangeable, the clay thereby losing its cation exchange capacity and 
its ability to swell in polar solvents. The Hoffmann-Klemen effect is illustrated in 
figure 1.9 for the migiation o f Li^ ions through the ditrigonal Si-O rings of the 
tetrahedral layer into the vacant sites o f the octahedral layer.
#  AI,Mg
0
Figure 1.9. The Hofmann-Klemen (HK) effect for the migration of Li^ cations 
through the tetrahedral layer into the octahedral layer.
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The Swelling o f  Clays
As mentioned earlier, clay layers are held apart by the charge balancing cations. If 
the clay is placed into contact with a polar solvent such as water, the cations become 
solvated and the clay layers are pushed apart, resulting in the swelling of the clay as 
shown in figure
0 cationO water
18.5Â
Figure 1.10. The swelling of layered clay in water. Only the first hydration spheres 
are shown for clarity.
This process is reversible, with the layers moving together upon heating due to the 
loss of the hydration spheres. This swelling behaviour is only observed if  the 
appropriate charge density and cations are present. The position of the 
exchangeable cation may also affect the swelling ability of the clay. For instance, the 
K’’" ion in the Si-0 rings is very energetically stable and it will not hydrate if  brought 
into contact with water. This means that clays (such as micas) that contain 
predominantly the cation will not swell in water and that the ion does not 
easily exchange.
18
A.J. Roberts 1. Introduction
1.4. Pillared Clays'” ’
Although clays find many applications in the chemical world they have one large 
disadvantage, their lack of permanent porosity. As mentioned in section 1.3.3, clays 
swell upon hydration of the interlayer cation, contracting upon dehydration.
This lack of permanent porosity caused by dehydration can be overcome by propping 
the layers apart using molecular “pillars”. T h e  propping apart o f the layers instills 
permanent porosity into the clay, whether or not it is hydrated (figure 1.11).
CLAY HYDRATION DEHYDRATION
PILLARED CLAY HYDRATION DEHYDRATION
#  cation hydrated cation H  clay layer ■ pillar
Figure 1.11. The hydration — dehydration behaviour of a clay and a pillared clay.
Pillared clays were first reported by Barrer and MacLeod^^’’^ in 1955 after exchanging 
alkali and alkaline-earth cations in montmorillonites with quaternary ammonium 
species. The resulting organically — modified material was thermally unstable and as 
such found little chemical application. The advent of the oil crisis in 1973 turned the 
attention of researchers towards pillared clays, as they possess micropores of an 
appropriate size to catalyse cracking reactions. The thermal stability o f the 
organically -  modified clays was too low to be considered for thermal cracking
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catalysts and attention was turned to the pillaring of clays using pillaring species 
based on inorganic polymers.
The synthesis of a pillared clay is a two stage process based upon the intercalation of 
polymeric metal cations between the clay sheets. The second stage is the conversion 
of these intercalated metal cations to rigid pillars as part o f their grafting to the clay 
sheets. This is accomplished through calcination, commonly at temperatures between 
400 and 500 °C. A schematic representation of the process is given in figure 1.12.
Na^ clay
intercalated clay pillared clay
exchange
reaction calcination+
pillaring
solution
Figure 1.12. The two stages of pillaring of a clay.
It is not just clays that can be pillared. The same principle can be applied to a wide 
range of layered materials, including layered double hydroxides^^’*^^^  and metal 
phosphates and phosphonates.^^'’*^*^ It is the case, however, that clays (specifically 
smectite clays) are used most often as they possess a swelling ability, thermal 
stability, a suitable layer charge and exchangeable interlayer species. Pillared clays 
find application in a variety of areas by virtue of their diverse and often unique 
properties, making them of great industrial and scientific interest. A variety of uses 
for pillared clays, with their relevant property, are given in table 1
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Application Property of pillared clay
selective adsorption of gases range of pore sizes, nature o f chemical
surface
ion exchangers and ion-selective good cation exchange capacity
membranes
acid catalysed organic reactions Bronsted and Lewis acidity
non-acid catalysed organic reactions active elements incorporated into
structure
photochemistry and photocatalysis low adsorption coefficient in visible and
near UV so can also be used as supports
pollutant scavenging high surface area for adsorption of toxins
and high ion exchange capacity
ultrafiltration and membranes mesopores and micropores
electrochemically-active coatings electron transfer reaction on the surface
protective coatings advanced ceramics
sensors ionic conduction
Table 1.4. Examples of potential applications of pillared clays. [28,39]
1.4.1. Factors in Choice of Pillaring Species
As discussed in section 1.5, a wide variety of materials can be pillared. Further 
variety in the pillared solids can be introduced by varying the pillaring species used 
in the reaction.
Some of the important factors to be considered when using a pillaring species are as 
follows^ '’’’^ :-
i. Thermal and hydrothermal stability of the final pillared clay
ii. Interlayer and interpillar distance
iii. Chemical nature of the pillars and their catalytic activity
iv. Chemical stability o f the pillars.
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It is possible, therefore, to tailor the pillared clay to its final application. It is this 
factor that makes pillared clays so appealing to both the industrial and research 
communities.
1.4.2. Pillaring Species
Since the discovery of pillared clays, a wide range of pillaring species have been 
used, all tailored to a final application. These include:-
i. organic cations such as tetra-alkylammonium ions^ ’^’^ and 1,4 -diazo- 
bicyclo[2 .2 .2 ] octane.
ii. inorganic cations such as and
iii. metal complexes such as [Co(ethylenediamine)3]^ ^^ '’^  ^and [Ni(bipy)3] ’^’^ .^ '’^ ^
iv. metal oxide sols such as imogolite^'’^  ^and polypyrrole - tin(IV) oxide.
V. metal clusters such as transition metal cluster carbonyls^'’^  ^ and transition
metal cluster chlorides. 
vi. polyoxocations such as polymeric or oligomeric hydroxy metal cations.^^’^
Of this range of pillaring species, the group that has received the most attention is the 
polyoxocations, typically prepared by the base hydrolysis of metal salts. 
Although a number of metal species are loiown to produce cationic polyoxometallate 
complexes, the most commonly used and best understood pillaring species is that 
obtained through the base hydrolysis o f Al(III) species, the aluminium Keggin ion 
[Ali304(OH)24(H2 0 )i2]%  commonly referred to as “Ali3^ ”^ .^ ^^ ^
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1,4.3. The Aluminium Keggin Ion
The aluminium Keggin ion, is the most commonly used inorganic pillaring
species and the best understood species for the pillaring of clays. It has been known 
since 1960 that the controlled hydrolysis o f metal salts leads to the formation of 
variable-structure polyhydroxo metal species such as the Aln^^ species. The 
structure of the Aln^’’^ Keggin ion has been investigated by a number o f methods 
such as nuclear magnetic resonance (NMR), small angle X-ray scattering (SAXS), 
infra-red and Raman spectroscopy, light scattering, ultracentrifugation, and size 
exclusion or gel permeation chromatography (GPC).^^^^
Much insight into the process of formation of the Alis "^^  species has been gained 
through both NMR and pH measurements of the hydrolysis of the Al(III) 
species. From this data, the Al^^^ species has been described as an e-Keggin
ion^ ^^  ^ of prolate spheroid shape consisting (excluding protons) o f twelve AlOe 
octahedra surrounding a central AIO4 tetrahedron (figure 1.13). Each of the A f^ in 
the ion is an equal distance from its neighbours, with the three edge sharing 
octahedra having free comers occupied by oxygen-bridging hydroxy groups or 
bridging water molecules.
The structure has been found to have a shorter diameter of approximately 8 .6Â,^ ^^  ^
with the distance along the C2 axis being approximately 10.3Â, and possesses all the 
symmetry elements of a tetrahedron. If  hydroxyl groups are considered, an extra 
0 .6Â is added to each dimension per terminal hydroxyl group.
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Figure 1.13. The A h 3^  ^ poyoxo aluminium Keggin ion. A blown apart 
representation.
The structures found in solution are far more complex, as the composition of the 
solution depends strongly on the pH. As a general rule, as the pH increases less 
highly charged polymers are p r o d u c e d . T h e  composition of the hydrolysed 
aluminium solution is not only dependent upon the pH but also on the method of 
preparation. In addition to the Ah 3^  ^ species, monomers A1(H2 0 )6^ ,^ dimers 
Al2(OH)2"’\  trimers Al3(OH)4^^ , octamers Alg(OH)2o'’^ , ring polymers [Al(OH)3]n and 
higher polymers of the Ah 3^  ^species (see later) can all be found in solution.^^^’^ ^^
The hydrolysis of AICI3 with NaOH has been studied and the species found in 
solution determined by a variety of techniques; from this data a distribution curve of 
the various Al^^ species in solution at different degrees of hydrolysis has been 
constructed (figure 1.14).^^ ’^^ ^^
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Figure 1.14 The hydrolysis of Al^ "^  with
It can be seen from figure 1,14 that controlled hydrolysis of AICI3 with NaOH to an 
OH/Al ratio of 1.5 to 2.3 should yield a solution in which the main constituent is the 
A1i3^ ’’’ s p e c i e s . T h e  exact constitution of the solution is found to be dependent 
upon a number of other factors, such as the concentration of the Alo^^, the 
temperature, the age of the sample, its thermal history, the source o f aluminium and 
the preparation method.
It is common to use commercially prepared solutions of Al^^*  ^such as Chlorhydrol® 
(Reheis Chemical Company, Ireland). This is prepared from the dissolution o f A1 
metal in acidic metal salt s o l u t i o n s . I t  has been found that the hydration 
distribution curve is somewhat different in this case, the amount o f AIb^  ^is found to 
be almost constant over the range 1<0H/A1<2.5 at approximately 40 mass% Al,^ ^^  ^
with the composition being more dependent upon temperature (see figure 1.15).^ ^^ ^
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Figure 1,15. The composition o f Chlorhydrol® as a function of temperature. [671
Higher Polymers o f  Alis ^
As mentioned earlier, higher polymers of the Aln^^ species can be found in 
hydrolysed solutions of Al^^. It was suggested by Bottero^^^  ^ after Magic Angle 
Spinning-NMR (MAS-NMR) and SAXS experiments that, when the OH/Al ratio 
reaches 2.3, the AIb^^ species begin to aggregate with progressive removal of co­
ordinated c r  ions and the condensation of adjacent OH" into oxo bridges. It was 
found that the AIO4 tetrahedra were protected from attack until OH/AM2.8, after 
which they expand to give octahedra. When OH/Al = 3 is reached, the structure 
develops the long range order of crystalline bayerite.^^^^
Further information, particularly regarding the early stages o f hydration, was 
obtained by Nazar^^^  ^using ^^Al MAS-NMR in conjunction with GPC (to isolate the
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products). Three new polyhydroxy aluminium species were identified (figure 1.16), 
denoted Alpi, Alpz and Alps respectively, resulting from the condensation of further 
AlOa octahedra onto the AIb^  ^unit. The formation of the Alpi species results from 
the degradation of the AIb ^^  unit, losing one Oh A1 unit giving the Alpi species. This 
Alpi species possesses four open active sites and polymerises to give the more stable 
cationic Alpz. After prolonged ageing o f more than 80 hours, the Alps species is 
obtained from the Alpz species.
Figure 1.16. The geometries of Alpx higher polymers where a, b, c and d denote the 
All3^ ’’' species, Alpi, Alpz and Alps respectively.
Figure 1.17 shows the effect of OH/Al ratio and ageing upon the species formed 
during hydrolysis. It is unclear which of these species can be involved in a pillaring 
reaction, but it is thought that it is the dimer and the higher oligmeric species that 
may give aluminium PILCs their high thermal stability.
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(64.5ppra) (70.2ppm) (75.6ppm)
Figure 1,17. The formation of higher polymers upon base hydrolysis of Al^^(aq). M 
= Al/OHratio.f^ ^^
Substitution o f  a Hetero Atom into the A l ^ ^  Species
The pillaring of clays using polyoxohydroxy species is not limited to use of Aln^^ 
species. Attempts have been made in the past to substitute heteroatoms for A1 atoms 
in the Keggin ion. This substitution should not only add further functionality to the 
pillared clay but should also affect the acidity and thermal stability of the final 
material.
Attempts have been made to date to substitute Ga(III)/^ '^^^^ Cr(III)^’’  ^ and Fe(III)^^^’ 
into the Afig^^ species. Claims were made initially that the substitution o f A1 by Fe 
was p o s s i b l e . T h es e  reports were not backed up with infonnation on the pillaring 
species, but rather the pillar in the final clay. It has, however, been suggested that the 
substitution of Fe for aluminium atoms in the AIb ^^  Keggin ion is not possible on 
thermodynamic giounds.^^'’^  The substitution of Ga(III) into the AIb ^^  species has, 
however, been successful with substitution ranging from one atom (Al^Ga^^) to all
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thirteen aluminium atoms (Ga^^^ being p o s s i b l e . A l t h o u g h  there have been no 
reports as to its feasibility, the substitution of In(III) into the Aln^"’' species could 
yield an invaluable catalytic material given the suggested promoting effect of the 
InO^ species on the deNOx reaction.
1.4.4. F urther Chemical Tuning of Pillared Clays
Further chemical tuning of pillared clays can be achieved via the ion exchange of 
metal species into the interlayer region. Although the cation exchange capacity of the 
pillared clay is lowered relative to the parent clay, in smectites there is residual 
exchange capacity for the incorporation o f most metal cations by ion exchange. This 
exchange capacity can be increased to almost that of the parent clay by treatment 
with a base such as NH3, K2CO3 or NaOH if required.
This chemical tuning via exchange is finding much use in catalysis, particularly in 
the area of deNOx catalysis, as the exchange of a transition metal ion into the 
interlayer region of the pillared clay can have a pronounced effect on the catalytic 
properties of the material.
1.5. Characterisation of Porous Solids
Much interest has been shown in porous inorganic solids in recent years, especially 
in their use as sorbents, molecular sieves, catalysts and catalytic supports. These 
materials are often described and classified in accordance to their pore size under the 
scheme first proposed by Dubinin^^^  ^ and officially adopted by the International 
Union of Pure and Applied Chemists (lUPAC).^^^  ^ Under this system the materials 
can be described as microporous, mesoporous or macroporous, as summarised in 
table 1.5.
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Pore Type Pore W idth
micropore < 2 nm (20  Â)
mesopore 2-50 nm (2 0 0 -5 0 0  A)
macropore >50 nm (500 A)
[78]Table 1.5. Classification of pores in accordance with lUPAC guidelines.
It should be remembered that a particular solid will often contain a distribution of 
pore sizes and that the range of pore widths is often dependent upon pore 
morphology. Figure 1.18 overleaf shows a schematic illustration o f various porous 
solids grouped according to their pore size distributions. A more detailed account of 
pore morphology and pore sizes can be found in chapter 5.
As can be seen in figure 1.18 , pillared clays contain both micropores and mesopores. 
The micropores in pillared clays are found predominantly in the region defined by 
adjacent layers and the oxide pillars, the mesopores are found in the voids caused by 
the random stacking of clay platelets, as shown in figure 1.19. The size and quantity 
o f mesopores in the pillared clay can be influenced by the drying of the material. In a 
freeze dried clay the mesopore diameter and mesopore volume are found to be higher 
than in an oven dried material due to the expanding effect of the freeze drying 
technique upon the clay.
Many of the current uses of pillared clay materials rely upon their porosity and high 
specific surface areas, but there is still a real need for materials in the mesoporous 
range of controllable porosity and pore morphology.
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Figure 1.18. Schematic illustration of pore size distributions for different classes of 
porous solid.
mesopores
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Figure 1.19. Origins of the microporosity and mesoporosity of a pillared clay.
1.6 Research Objectives
This introduction highlighted the urgent need for “atmospheric clean-up” before it 
becomes too late. Further, the clay minerals have been shown to be potential catalytic 
materials with a variety of properties that can be fine-tuned through chemical
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modifications such as the introduction o f rigid oxide pillars and the subsequent ion 
exchange of transition metal species. The intention of the work described in the 
following chapters is to synthesise pillared clay materials based upon the Laponite 
synthetic clay system and further tailor the resultant materials via ion exchange to 
offer final products as potential deNOx catalysts. The resultant materials are to be 
characterised fully using XRD, FT-IR, TG / DTA, MAS-NMR and N% sorption 
analysis. The pillaring species used in this work have also been extensively 
investigated through precipitation of their sulphates and analysis o f the resulting 
solids. Finally, a range of materials have been tested as potential deNOx catalysts, 
particularly for use in stationary source applications.
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C hapter 2 
Synthesis
All chemicals used in this work were supplied by Merck (England) unless stated 
otherwise and were used as supplied (at least 99.9% pure) without further 
purification.
Wherever possible, attempts have been made to maximise the solid / liquid ratio used 
in the reactions in order to minimise the liquid waste produced, to tailor the reactions 
used towards the needs of industry.
2.1 Pillared Clays and Ion-Exchanged Pillared Clays
Laponite RD filter cake (referred to simply as Laponite from here onwards), leading 
ultimately to pillared materials and supplied by Rockwood Additives (Widnes, 
Cheshire), was subjected to various ion exchange reactions. The exchanged Laponite 
was recovered by centrifugation and washed with de-ionised water before drying in 
air at 60°C. The dried exchanged Laponite was then calcined at 450 °C in air to 
produce the pillared clay.
2.2 Aluminium Keggin Ion Pillaring Solutions^'"^^
The aluminium Keggin ion (A lo^^ was prepared by two methods to give both a 
“concentrated” and “dilute” solution for use in the pillaring of Laponite.
2.2,1 Dilute Method
AICI3.6H2O (96.572 g, 0.400 mol) was dissolved in 1.000 dm^ of deionised water. 
NaOH solution (0.8 mol dm'^, 1.0 dm^) was added dropwise with vigorous stirring at
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room temperature to give a final pH between 4.15 and 4.20. The resulting solution 
was aged at 80 °C for 12 hours under reflux. ^^Al NMR showed the Aln^^solution to 
be of relatively high purity with one sharp peak at 8 = 62.5 and a small peak at 8 = 0, 
corresponding to tetrahedrally co-ordinated aluminium and octahedrally co-ordinated 
aluminium r e s p e c t i v e l y a n d  was used in the pillaring reaction without further 
purification.
2.2.2 Concentrated Method
The concentrated method of synthesis uses a 50 mass% aluminium solution 
(Chlorhydrol) obtained from the Reheis Ireland Co., Dublin. The synthesis of Afis^^ 
solution was attempted both by the dilution of the Chlorhydrol stock solution and by 
the hydrolysis o f the stock solution.
Dilution Method
It has been reported that the Alis^ "^  species can be obtained from this aluminium 
polymeric solution simply by the dilution and ageing of the solution at the correct 
pH.'*'
Chlorhydrol (as supplied, 1.000 dm*) was diluted to a pH of 4.2 and was aged at 
80°C under reflux for 12 hours. The pH was then checked and the solution was 
further diluted to adjust the pH back to 4.2. Ageing at 80 ®C under reflux conditions 
followed and this procedure was repeated until the pH of the solution remained at 4.2 
after reflux.
The final solution was investigated by ^^Al NMR and it was found that there had 
been no significant increase in the amount o f detectable tetrahedral aluminium. The
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solution obtained through this method was therefore not used in the pillaring 
reaction.
Hydrolysis Method
NaOH (0.8 mol dm'^) was added dropwise to Chlorhydrol solution (1.0 dm^) under 
vigorous stirring until a pH of 4.2 had been obtained. The solution was then aged at 
80 °C under reflux for 12 hours. ^^Al NMR showed there to be a range of aluminium 
species present, with a sharp peak at ô = 62.9 indicating the presence of tetrahedrally 
co-ordinated aluminium.
The solution was aged under reflux at 80 °C for a further 24 hours and investigated 
using ^^Al NMR. The sharp peak had shifted to 8 = 70.2, indicating the presence of 
the Pi polymer. The solution used in the pillaring reaction was that after ageing for 
12 hours.
2.3 Substitution in the Aluminium Keggin Ion Pillaring Solution
As discussed in section 1.4.3, the substitution of a hetero atom into the Al^ '^*' species 
offers a route to the tailoring o f pillared clays and allows the inclusion of more 
catalytically active species in the final pillared clay. Attempts were made to 
substitute one of the aluminium atoms in the A l u ^  species for iron, gallium or 
indium to give the Ali2M0 4 (0 H)24(Hi0 )i2^ ‘^  (AlnM^^ species, where M = Fe, Ga or 
In.
2.3.1 “AliiFe^^’’
AICI3.6H2O (89.1532 g, 0.3692 mol) and FeCb (4.9908 g, 0.0308 mol) were 
dissolved in 1.000 dm^ of deionised water. NaOH (0.8 mol dm‘^ , 1.0 dm^) was added 
dropwise with vigorous stirring at room temperature to give a final pH = 3.80 - 3.90.
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The solution was investigated using NMR, which revealed the presence o f two 
sharp pealcs at ô = 62.9 and 5 = 0, corresponding to the presence of tetrahedrally co­
ordinated and octahedrally co-ordinated aluminium respectively.
2.3.2.
AICI3.6H2O (89.1532 g, 0.3692 mol) and Ga(N03)3 (7.8688 g, 0.0308 mol) were 
dissolved in 1.000 dm^ o f deionised water. NaOH (0.8 mol dm" ,^ 1.0 dm^) was added 
dropwise with vigorous stirring at room temperature to give a final pH of 3.95 to 
4.10. The solution was investigated using ^^Al NMR which revealed the presence of 
two sharp peaks at ô = 62.9 and 8 = 0, corresponding to the presence of tetrahedrally 
co-ordinated and octahedrally co-ordinated aluminium respectively. Further 
investigation using ^^Ga NMR revealed one sharp peak at 8 = 137, indicating the 
presence of tetrahedrally co-ordinated gallium. This will be discussed in detail in 
chapter 3.
Upon ageing the solution at 80 °C under reflux for twelve hours, no change was 
observed in the positions of the NMR peaks of the ^^Al or ^'Ga NMR. The non-aged 
solution was therefore used in the pillaring reaction.
2.3.3. «Aliîliî^ '"”
Indium wire (10.8312g, 0.0943 mol) was added to dilute HCl(aq) (0.1 mol dm'^, 0.10 
dm^) and was left for two weeks until completely dissolved. The resultant InCls 
solution was made up to 0.25 dm^ with deionised water to give a stock solution o f 
concentration 0.3773 mol dm'^.
AICI3.6H2O (22.2883g, 9.2318 x 10'^ mol) was added to the above InCb stock 
solution (0.0204 dm^, 7.692 mol In) and was made up to 0.25 dm^ with deionised
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water. NaOH (0.8 mol dm'^, 0.25 dm^) was added dropwise with vigorous stirring to 
give a final pH of 3.8. ^^Al NMR showed two sharp peaks corresponding to the 
presence o f tetrahedrally and octahedrally co-ordinated aluminium.
2.4. Synthesis of Keggin Sulphate”^^®'^ ®^
The nature o f the pillaring species was investigated through analysis of the “Aln^"  ^
Keggin sulphate”. NazSOi solution (0.300 mol dm'^, 0.25 dm^) was added to Al^^'^ 
solution (0.25 dm^) as prepared in section 2.2.1 and was left for two weeks. A white 
crystalline precipitate was formed and was separated by filtration and washed three 
times with deionised water. The resultant solid was dried at 60°C in air.
2.5. Synthesis of Keggin Sulphate” (M = Fe, Ga or
NazS0 4  solution (0.300 mol dm’^ , 0.25 dm^) was added to “AlizM^^” solution (0.25 
dm^) as synthesised in section 2.3 and was left for two weeks. The resultant 
precipitate was collected by filtration and washed three times with deionised water 
and dried at 60°C in air. The precipitates formed from the “AlnGa^"^” and “Alnln^^” 
solutions were white in colour, whereas that formed from the “AlizFe^ "*"” solution was 
a red brown colour.
2.5.1. Slow Crystallisation of “AlizM^^ Keggin Sulphates” (M = Fe, Ga or In) 
Attempts were made to crystallise single crystals o f “AlizM^^ Keggin sulphates” 
using modified U-tube apparatus. The U-tube experiment allows the slow diffusion 
of solutions through a permeable membrane. The slow diffusion results in the growth 
of crystallites on the membrane at the interface of the two solutions.
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solution (0.15 dm^) prepared as in section 2.4 was placed in the lower 
section of the U-tube and NazS0 4  solution (0.300 mol dm‘^ , 0.050 dm^) was placed 
in the upper section separated by a glass fibre filter paper (0.22 pm, Millipore S. A., 
Molsheim) and were left to allow diffusion across the membrane and slow 
crystallisation to occur. The crystals/ powders formed were separated manually and 
were washed with deionised water and dried in an oven at 60 °C in air. The dried 
solids were analysed using powder X-ray diffraction. Figure 2.1 shows the U-tube 
apparatus at the start of the experiment using the “AlizFe^^” species.
N a 2 S 0 4
solution
Al,2Fe"+ 
solution
Membrane
Plate 2.1. Crystallisation o f “AlizFe^^ Keggin sulphate” crystals across a membrane.
In the case o f the “AlizFe^^” solution, 3 distinct areas of solid formed. Closest to the 
membrane, pure white crystalline agglomerates of diameter « 5 mm could be seen. 
Upon closer examination these agglomerates consisted o f smaller pyramidal
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particles. There then followed a region of clear solution, followed by an area of light 
brown solid. Upon washing, this light brown solid appeared to contain small white 
crystals similar in morphology to those mentioned above. This solid was then 
covered by a region o f dark brown solid. O f the three solids, it was the light brown 
one that most resembled that obtained from precipitation of the pillaring solution 
with sodium sulphate.
In the cases of “AlizGa^"^” and “Alizln^^” solutions, again small crystals as described 
above could be seen attached to the membrane, followed by an area of clear solution 
under which a thick layer of white solid could be seen. These observations are 
discussed in detail in chapter 3.
2.6. Synthesis of Pillared Laponite Clays^*'^*
Laponite (670 g filter cake s  200 g dry Laponite, see section 3.2.1) was added to 
pillaring solution (2.0 dm^) prepared as described in sections 2.2 and 2.3 and was 
stirred at room temperature for 12 hours. The solid was collected by centrifugation 
and washed three times with deionised water. The resultant solid was dried in an 
oven at 60°C in air for 24 hours. Calcination was achieved by heating in air at 450 °C 
for 12 hours.
Both the dilute and concentrated AIb ^^  pillaring solutions were used in this reaction. 
However, upon analysis of the pillared Laponite produced from each method, it was 
found that the final product from both methods appeared the same (Chapter 3). As a 
result, the concentrated pillaring solution was used to produce pillared Laponite for 
the post-exchange reactions, as the “concentrated method” of pillaring would be of 
far greater importance to industry.
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2.7. Post-Exchange of Pillared Clays^ ^®^
Pillared Laponite (2.0 g) prepared as described in section 2.6 was added to an 
exchange solution (0.2 dm^, 0.100 mol dm‘^ ) as in table 2.1 and stirred for 12 hours 
at room temperature. The resulting solid was collected by centrifugation and was 
washed three times with deionised water before drying at 60 °C in air for 24 hours.
In the cases o f M = N a \ K^, Ca^\ Ba^^, Mg^^ and Zn^^, the exchanged pillared clay 
(1.0 g) was then added to Cu^^ solution (0.1 dm^, 0,100 mol dm'^) and stirred for 12 
hours at room temperature. The resultant doubly exchanged pillared clay was 
collected by centrifugation, washed three times with deionised water and dried at 60 
°C for 12 hours in air.
Exchange Solution (aq) Concentration /  g dm'^
CUSO4 24.968
Co**' Co(N03)2 14.552
Ga*'" Ca(CH3.COO)2 15.817
Ba**' Ba((NO)3)2 . 26.135
Na* NaCl 13.608
K*' KCl 7.455
Mg** Mg(CH3.COO)2 21.450
V(IV) VOSO4 25.308
Or (HI) Cr(N03)3 20.008
Mn** Mn(CH3.COO)2 24.509
Ni*'* Ni(N03)2 14.541
Zn** Zn(N03)2 29.748
Fe*'* Fe(N03)3 40.400
Table 2.1. Aqueous exchange solutions used for the post exchange of pillared 
Laponite.
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C hapter 3
Characterisation of Pillared Precursor Clays
A number of properties o f the smectite clays, Laponite included, such as their small 
particle size, long range disorder and diverse, sometimes inhomogeneous, chemical 
composition result in the characterisation of these materials being complex and 
difficult. It is therefore necessary to employ a number of characterisation techniques, 
considering the results individually and together to gain insight into the structure and 
properties of the material.
This chapter provides a brief background to the techniques used to characterise the 
materials discussed in chapter 2 and also to discuss the results obtained both 
individually and together with other results. The chapter consists of two main 
sections, an introduction to techniques, including details o f individual methods and 
instrumentation used (section 3.1), and the experimental results and discussion 
detailed material by material (section 3.2)
3.1 Characterisation Techniques, Methods and Instrum entation
3.1.1. Powder X-Ray Diffraction (XRD)^^^
Laponite and Modified Laponites
The clay platelets o f Laponite and pillared Laponite stack in a highly disordered 
manner, resembling a pack of cards laying flat upon each other with little or no 
alignment of the edges. As a result o f this turbostratic pacldng and the ensuing lack 
of long term structural order, XRD profiles of Laponite and modified Laponites 
mainly exhibit basal 00/ and two-dimensional /z/cO diffraction peaks. The situation is 
further complicated by the small size o f the discotic Laponite platelets (approx. 25
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rnn X 1 nm), which results in weak diffuse /z/cO reflections that are often lost in the 
background of the XRD profile. Data obtained from the XRD profile of Laponites 
and modified Laponites are therefore usually restricted to the basal reflections 
resulting from the stacking o f parallel layers of platelets. The differences in the 
interlayer spacings obtained through XRD can usually be attributed to the nature of 
the interlayer species present, the hydration state of the material and/or the presence 
of non - aqueous solvents.
“4 / Keggi n Sulphates ” (M  = Al, Ga, Fe or In)
In the case of the Keggin sulphates” (M = Al, Ga, Fe or In) the materials
under analysis are highly crystalline and o f a much larger particle size. This results in 
a full set of reflections being observed in the XRD profile. It is possible to index and 
relate the reflections observed to standard profiles, and to assess the phase purity of 
the material. In some cases, however, it is possible for there to be amorphous 
impurities present of veiy small particle size that are not detectable in the XRD 
profile.
Instrumentation
Powder XRD profiles were produced using a Seifert XRD3003TT theta-theta 
diffractometer. Data were collected for 1 second every 0.02°of 20 using CuKa 
radiation of average wavelength 1.5418 Â (from a mixture o f CuKai and CuKa2 
radiation of wavelengths 1.5406 and 1.5444 Â respectively), and transferred to a 
personal computer where the profile was produced from raw data using 
Kaleidagraph®, from Synergy Software.
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3.1.2. Fourier Transform -  Infrared Spectroscopy (FT-IR)^ ^^
Vibrational spectroscopies such as FT-IR are not hindered by the small particle size 
and lack of long range order that affects powder XRD techniques. The technique is 
sensitive to short range order and results in a great deal o f structural information for 
the clay minerals being obtained. Further to giving a fingerprint of the clay-based 
material being studied, FT-IR also gives information on the family of minerals to 
which the sample belongs, the nature of isomorphic substitution, the distinction 
between stmctural and molecular water in the sample, the degree of regularity in the 
structure and the presence o f both crystalline and non -  crystalline impurities (in 
contrast to XRD).^^^
Vibrational spectroscopy of clay minerals and pillared clays can be separated into the 
vibrations of the constituent parts i.e. the hydroxyl groups, the silicate anion, the 
octahedral cations and the interlayer cations. This separation is complete for the high 
frequency OH stretching vibrations, but is less complete for the lower frequency OH 
bending frequencies. Whilst Si -  O stretching vibrations are only weakly coupled to 
other structural vibrations, the Si -  O bending vibrations are strongly coupled to the 
translatory vibrations of the hydroxyl groups and also to the vibrations of the 
octahedral cations.
FT-IR spectroscopy has also been used to follow the transformations occurring upon 
calcination o f pillared clays thiough analysis of Al -  OH, Al -  OH2 and Al -  O 
stretching vibrations, leading to insight into the interactions of the pillaring species 
and the parent clay and also into the transformation from a co-ordinated pillaring 
species to a rigid oxide pillar.
The principal IR active vibrations observed in smectite clays are shown in table 3.1.
50
A. I. Roberts 3. Characterisation
W avenumber / cm"^ Assignment
3745 SiO -  H stretching (surface)
3670-3630 O -  H stretching of clay lattice
(octahedral layer)
3620-3430 O -  H stretching of water in the
interlayer region
1635 H -  O -  H deformation (scissoring)
1120-1115 Si -  O asymmetric stretch in tetrahedral
layer
1114-1090 Si -  O perpendicular vibrations of apical
oxygens
1040-1020 Si -  O -S i vibration of basal oxygens
9 0 0 -7 0 0 M -  (OH) -  M vibrations
6 6 0 -6 5 0 O -H b e n d
4 7 0 -4 6 0 O -  Si -  0  bend and deformation
Table 3.1. Principal IR active vibration bands of smectite clays.
Instrumentation
Samples for analysis were dispersed in anhydrous KBr (13 mm diameter disc) and 
were pressed with 5 tonnes for 2 minutes. FT-IR spectroscopy was performed at 
room temperature using a Nicolet 510P FT-IR Spectrometer from 4000 cm'^ to 400 
cm"  ^ at a resolution of 2 cm'^ over 32 acquisitions. The data was recorded via a 
personal computer running Omnic software and the spectra were reproduced using 
Kaleidagraph®, from Synergy Software.
3.1.3. Therm al Analysis^o]
Thermal analysis can be defined as the study of the effect o f heat upon the chemical 
and physical properties of a m aterial.^*The two principle techniques of thermal
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analysis are thermogravimetry (TG) and differential thermal analysis (DTA). In 
DTA, the temperature of the sample and a thermally inert reference material (usually 
a-akunina) are measured as a function of temperature. Any transitions undergone by 
the material will result in the liberation or adsorption o f heat with an accompanying 
change in temperature when compared to the reference material. This change in 
energy is monitored (as a thermocouple voltage difference) as a function of 
temperature to give the DTA curve.^^^  ^DTA gives information on the energy changes 
occurring in the sample as it is heated. Such changes in the energy of the system can 
result from one of six phenomena:
i. phase transitions
ii. decomposition
iii. solid state reactions in multi - component samples
iv. reactions with a reactive gas such as oxygen (generally surface reactions)
V. second order transitions (changes in enthalpy without changes in entropy)
vi. loss of solvent
The DTA curve obtained is a function of the crystal structure and the chemical 
composition o f the sample and therefore reflects the mineralogical nature o f the 
sample. TG provides information on the changes in mass of the sample as it is 
heated to an elevated temperature. The use of the two techniques simultaneously 
provides useful information on the nature o f the sample and its stability.
The use of thermal analysis is particularly important when considering a material to 
be used in catalysis, as it is imperative to ascertain the temperature ranges over which 
different phases are stable in order to ascertain if the material under consideration is 
suitable and stable at the reaction temperature of the required application.
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The thermal reactions o f clay minerals can be grouped into the general temperature 
ranges in which they occur:
i  Low-temperature reactions (< 400 °C), usually involving the loss of surface
water and molecular water from the interlayer region. Also found in this |
I
region is the specific reaction involving small interlayer cations such as :
Li^ and Mg^ "^ , migrating irreversibly into the octahedral layer of ^
montmorillonite (Hoffman Klemen effect) '
ii. Intermediate-temperature reactions (400- 750 °C), involving dehydroxylation |
Iof the clay resulting in the formation of quasi -  stable dehydroxylated phases. j
iii. High-temperature reactions (> 750 °C), involving the complete collapse of :
the clay structure, the formation o f  new phases, recrystallisation reactions and |
oxidation reactions in minerals o f variable valence cations. |
I
Instrumentation \
TG and DTA were carried out simultaneously using a Stanton Redcroft ST A -  781 
thermal analyser. An internal reference of pre-caicined a-alunrina was used for DTA 
measurements. The sample (ca. 20 mg) was heated from room temperature to 1350 
C at a  rate o f 10 °C min'- in sMie air, results being taken at a rate o f 10 points per 
minute. The data was collected on a personal computer and was processed using 
Kaleidagraph®, from Synergy Software.
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3.2 #më-
3,2.1 -La#e#ite
Wet Laponite Filter Cake
The Lapomte fot pillaring reactions was used as a. wet # te r  ealce. as discussed in 
chapter 2. The water content of the filter cake was investigated through thermal 
analysis below (figure 3,1 ),
100
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Figure 3.1, Example of the TG of Wet Laponite.
Repeated thermal analysis (5 replicates) o f wet Laponite filter cake shows the loss of 
surface water and water o f hydration between 65 °C and 230 ®C corresponding to an 
average o f 72.5% original mass. The wet filter cake was therefore taken to be 72.5% 
water for purposes of calculation of synthesis masses for all pillaring reactions (see 
chapter 2).
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Dried Laponite
The powder XRD profile of dried filter cake is shown in figure 3.2; a summary o f the 
main reflections is given in table 3.2. As expected for a smectite clay such as 
Laponite, only the 00/ and the two dimensional /^cO diffraction bands, are observed. 
This is a result o f the small particle size o f Laponite and also due to a lack of three- 
dimensional ordering.
0 25 SO 75
Figure 3.2. Powder XRD profile of Laponite.
20 d /Â hkl
6.11 14.45 001
19.97 4.44 110,020
34.69 2.58 130,200
60.77 1.52 330,060
72.13 1.31 260, 400
Table 3.2. Principal powder XRD reflections of Laponite.
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The FT-IR speetnun-of Laponite is given in figure 3.3 with a snmmaiy of the main 
-hands obsen'ed and their group assignments in tahle 33. As can be seen from the 
spectrum, bands assigned to O-H s#etch and bends, &iO-H stretch, water 
defomiatians, Si-O stretch and O-Si-O bends are all observed
45 -
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Figure 3,3, FT-IR spechum o f dried Laponite.
Waveimm-ber I Assignment
3693 SiO-H stretch
3507 O-H stretch
3457 H2O (hydrogen bonded)
1655 H2O deformations
1008 Si-O stretch
654 O-IT bend
468 O-Si-O bend
Table 3.2. FT-IR band assignments for dried Laponite.
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Thermal analysis of dried Laponite^^^  ^ (figure 3.4) shows an initial loss of surface 
water at T »  50 followed by the loss of water of hydration (ending at T » 230 
°C). The associated broad endothermie peak can be seen in the DTA curve centred at 
T % 140°C. The onset o f dehydroxylation is indicated by a sharp endothermie peak in 
the DTA curve at T «  770 °C with an associated mass loss. The endothermie peak is 
followed by a sharp exotherm at T » 790 resulting from the transition to enstatite 
(MgSiOa) and cristoballite (SiOi). A small endothermie pealc can be seen at T «  1100 
°C with an associated mass loss, probably due to continued dehydroxylation^^^ and 
the loss o f volatile oxides such as NaaO. A small endothermie peak at T «  1180 °C, 
associated with the phase transition for enstatite to ortho- enstatite.
TG DTA100
33 95-I1
0 200 400 600 1000800 1200
Furnace temperature / °C 
Figure 3.4. TG -  DTA analysis o f dried Laponite.
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O f the 19.6 % total mass loss observed up to 1200 °C, approximately 14 % is due to 
the loss of surface water and water of hydration, with the remaining mass loss being 
due to dehydroxylation and the loss o f volatile NazO.
The powder XRD profile of Laponite after heating to 900 °C is shown in figure 3.5. 
Confirmation of the phase transition to enstatite and cristoballite in the DTA curve 
for Laponite RD at T « 790 °C can be found in table 3.4, showing a summary of the 
reflections observed and their assignment.
Figure 3.5. Powder XRD profile o f Laponite heated to 900 °C.
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2 6 / * d / Â Phase
20.16 4.40 E
21.76 4.08 Cr
26.97 3.30 E
28.10 3.17 e, cr
31.11 2.87 E
35.49 2.53 E
35.91 2.50 e, cr
42.80 2.11 E
44.46 2.04 Cr
51.11 1.79 E
52.83 1.73 E
57.35 1.61 E
60.26 1.53 E
62.60 1.48 E
63.20 1.47 E
69.24 1.36 E
Table 3.4. Principal powder XRD reflections of Laponite after heating to 900 °C. e = 
e n s t a t i t e / c r  = cristoballite.
Further confirmation of the transition is evident in the FT-IR spectrum (figure 3.6) 
from the presence o f adsorption bands at 1067,1014 and 922 cm‘  ^o f enstatite.
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Figure 3.6. FT-IR spectrum of Laponite after heating to 900 °C. Adsorption bands 
due to enstatite are indicated by
3.2.2. “AIi2M^^ Keggin Sulphates” (M = Al, Ga, Fe o r In)
Keggin sulphate ” (M  -  Al)
The powder X-ray diffraction pattern of Keggin sulphate” is shown in figure
3.7. A summary of reflections observed and their allocation is given in table 3.5. 
Two phases were observed, the aluminium Keggin sulphate and aluminium chloride 
hydroxide hydrate. This suggests that the solution used for the pillaring of Laponite 
is not purely aluminium Keggin sulphate, but rather contains other aluminium 
polymers. This is not seen as a problem as polymers are still expected to lead to 
alumina pillars after exchange into the clay and subsequent calcination.
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c3oÜ
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Figure 3.7. Powder XRD profile of “Ali3^  ^Keggin sulphate”.
70 80
20/0 d /Â phase
8.60 10.27 ks
9.94 8.89 ks, ch
17.00 5.21 ks, ch
17.25 5.14 ks, ch
19.93 4.45 ks
20.85 4.26 ks
24.50 3.63 ch
25.61 3.48 ks
26.00 3.42 ch
26.74 3.33 ch
27.71 3.22 ks
28.34 3.14 ch
29.71 3.00 ks, ch
33.25 2.69 ch
34.90 2.57 ch
40.34 2.23 ch
41.77 2.16 ch
43.79 2.07 ks
46.51 1.95 les
50.98 1.79 ch
Table 3.5, Principal powder XRD reflections of Keggin sulphate”, ks = aluminium
aqua oxide sulphate hydroxide hydrate [Ali304(0H)24(H20)i2]2[S04]7.xH20 (Aluminium 
Keggin sulphate) ,ch = aluminium chloride hydroxide hydrate AÎ5Cl3(0H)i2.7 5H20.'^ ^^ ^
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The FT-IR spectrum of Keggin sulphate” is shown in figure 3.8, with the
main band assignments given in table 3.6
2500 2000
Wavenumbers (cm-1)
Figure 3.8. FT-IR spectrum of “Alo '^*' Keggin sulphate”
W avenumber / cm‘* Assignment
3679 O - H  stretching
3431 A1 -  OH stretching
1656 H -  OH deformation
1131 A l - 0  symmetric stretching
1095 Al -  OH bending and deformation
995 A1 -  OH bending and defoimation
728 (Al — 0 )t<i
620 (Al~OH)oh
547 (Al -  0)oh
Table 3.6. FT-IR band assignment for “Ali3^  ^Keggin sulphate”.
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As can be seen from the table, bands assigned to various OH stretching and 
deformations, Al -  OH stretches, bends and deformations and Al -  O deformations 
are all observed. Evidence for the presence o f the AIb^  ^Keggin species is seen in the 
form of bands assigned to both tetrahedral and octahedral Al -  O species.
There are no bands assigned to the S0 4 ‘^ anion in the spectrum. This is due to the 
fact that the expected V3 and V4 vibrations at 1126 cm'^ and 612 cm‘  ^ overlap with 
vibrations associated to the AIb^"  ^Keggin ion at 1131 cm'^ and 620 cm"^ ^^ ^^  (see table 
3.6).
Thermal analysis of “AIb^"  ^ Keggin sulphate” (figure 3.9) shows an initial loss of 
surface water at T « 35 °C followed by the loss of water o f hydration until T = 277 
°C. This is indicated in the DTA curve by a sharp endothermie peak centred at T = 
175 °C with a shoulder at T »  245 °C. There then follow small endothermie peaks in 
the DTA curve at T «  300 °C, T «  354 °C, T « 474 °C and T « 580 °C. There are 
associated mass losses for each o f these endotherms, indicating the stepwise 
dehydroxylation of the “AIb^^ Keggin sulphate”. A further sharp endotherm can be 
seen centred at T « 820 °C with an associated rapid mass loss due to the 
decomposition of the sulphate group. A small endotherm is also present at T «  1110 
°C with no associated mass loss, and is assigned as a phase transition to a-alum ina 
(corrundum). This temperature is lower than that required for the transition from y- 
AI2O3 (or Ô-AI2O3) to a -A l203 indicating the AIb cluster based AI2O3 to be a meta­
stable compound and, therefore, more reactive.
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Figure 3.9. TG -  DTA analysis o f Keggin sulphate”.
O f the 54.7 % total mass loss observed up to 1200 approximately 14.2 % is due 
to the loss of surface water and water of hydration, with a further loss o f 
approximately 21.4 % being attributed to dehydroxylation. The decomposition o f the 
sulphate anion is responsible for the loss of the remaining 19.1 %.
Confirmation o f the phase transition to a-alum ina in the DTA curve centred at T »  
1110 °C can be seen in the powder XRD pattern of “Aln^'^ Keggin sulphate” after 
heating to 1150 °C (figure 3.10). A further (impurity) phase, sodium aluminium 
oxide, was also observed. A summary of the reflections observed and their phase 
allocation is given in table 3.7.
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<ncnoO
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Figure 3.10. Powder XRD profile of “Ali3^^  Keggin sulphate” after heating to 1150
2 6 / ° d / Â phase
7.76 11.38 sao
15.64 5.66 sao
25.55 3.48 c
31.85 2.81 sao
35.14 2.55 0
35.75 2.51 sao
37.24 2.41 sao
37.76 2.38 c, sao
40.08 2.25 sao
43.33 2.09 c
52.51 1.74 c
57.47 1.60 c
61.26 1.51 c
66.47 1.41 c
68.16 1.37 0
7+ T.r__ ____
heating to 1150 °C. c = corrundum (a-Al203 )^ ^^  ^ and sao = sodium aluminium oxide
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'‘AluGa^^ Keggin Sulphate ” (M  = Ga)
The powder X-ray diffraction pattern of “AliiGa^"  ^ Keggin sulphate” is shown in 
figure 3.11. A summary of reflections and their phase assignment is given in table
3.8. Two phases are detected from the reflections observed:- sodium gallium sulphate 
hydroxide hydrate and Keggin sulphate. The first of these phases is formed from any 
non-polym eric gallium salts in combination with Na^ cations, as sodium sulphate is 
added to effect precipitation (see chapter 2). Consideration of the XRD profile for the 
product necessitates consideration of the patterns for Keggin sulphate”,
"AlnGa^^ Keggin sulphate” and “Gais^ "^  Keggin sulphate”. The cell parameters of 
these three phases are very similar resulting in difficulty when trying to distinguish 
between the phases. The situation is further complicated by the probable presence of 
a combination of these phases (evidence for this using MAS-NMR is presented in 
chapter 4).
c3OÜ
100 20 30 40 50 60 70 80
20 /
Figure 3.11. Powder XRD profile of “Ali2Ga^^ Keggin sulphate
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2 0 / ° d / Â phase
8.56 10.37 ks
9.90 8.93 ks
16.46 5.38 ks, sgs
17.20 5.15 l(S
19.90 4.46 ks
21.70 4.09 ks
24.44 3.64 ks
25.95 3.43 ks, sgs
28.31 3.15 ks
29.63 3.01 ks, sgs
30.06 2.97 ks, sgs
33.32 2.69 les
34.84 2.57 ks
35.96 2.50 ks, sgs
40.46 2.23 sgs
43.96 2.06 ks
51.20 1.78 sgs
53.34 1.72 sgs
58.51 1.58 ks
59.30 1.56 sgs
61.47 1.51 sgs
67.14 1.39 sgs
Table 3.8. Principal powder XRD reflections o f “AliaGa^'^ Keggin sulphate”, ks = 
Keggin sulphate^^^ ,^ sgs = sodium gallium sulphate hydroxide hydrate 
(NaGa3(S04)2(OH)s.H20).P‘'>
The FT-IR spectrum of “Al^Ga’^ Keggin sulphate” is shown in figure 3.12 with the 
main band assignments given in table 3.9.
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Figure 3.12. FT-IR spectrum of “Ali2Ga '^  ^Keggin sulphate
The spectrum shows bands assigned to various OH stretching and deformations, Al -  
OH bends and defoimations, Al -  O and Ga -  O deformations and the S -  O stretch 
resulting from the presence o f the S0 4 “^ anion. If  the spectrum is compared to that of 
the ”A1i3^  ^Keggin sulphate”, it can be noted that the high frequency Al -  OH stretch 
is not observed. This is probably due to the band being masked by the strong O - H  
stretch in this region. In the case o f the “AliaGa^^ Keggin sulphate”, the S -  O shetch 
o f the S0 4 '^ anion is clearly observed, but the strong Al -  O symmetric stretching at 
1131 cm‘  ^ in the “Alo^^ Keggin sulphate” is not observed; it is, again, possible that 
this band is masked. Evidence for the substitution of Ga into the tetrahedral position 
o f the A1i3^  ^Keggin ion to give the Al^Ga^^ Keggin ion is seen in the presence of 
the weak band at 719 cm"  ^ corresponding to the presence o f the Ga -  O bond in 
tetrahedral coordination. It should be noted, however, that a weak band 
corresponding to the Al -  O bond in tetrahedral arrangement is also observed at 732 
cm '\
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W avenumber / cm‘^ Assignment
3672 O - H  stretching
3374 O - H  stretching
1655 H -  OH deformation
1127 S -  O stretching
1097 Al -  OH bending and deformation
990 Al -  OH bending and deformation
732 (Al -  0 )tc1
719 (G a-0 } rd
624 (A l-OH )oh
544 (A l-0 )o h
Table 3.9. FT-IR band assignment for ''AlizGa^^ Keggin sulphate
Thermal analysis (figure 3.13) shows an initial loss of surface water at T «  40 °C 
followed by the loss of water o f hydration until T % 235 °C. This is indicated in the 
DTA curve by a sharp endothermie peak centred at 179 ®C. The shoulder observed in 
the case of “Ali3^  ^Keggin sulphate” is not seen in this case, as it is masked by the 
large endotherm. This endotherm is followed by five further endotherms at T = 284, 
389, 481, 596 and 638 °C. There is an associated mass loss with each of these 
endotherms, suggesting the stepwise dehydroxylation of the "AlizGa^^ Keggin 
sulphate”.
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Figure 3.13. TG -  DTA analysis of “AlnGa^"^ Keggin sulphate”.
o
>
A rapid mass loss can be seen with an associated sharp endothennic peak in the DTA 
curve indicative of the decomposition o f the sulphate group. Small endotherms can 
be seen at T « 945 and 1088 °C, with no associated mass loss and assigned to the 
phase transitions in gallium aluminium oxide (Ga2Al22034) and alumina respectively. 
Of the 55.1 % total mass loss observed up to 1200 °C, approximately 20.1 % is due 
to the loss of surface water and water o f hydration with a further 18.8 % loss of mass 
being attributed to dehydroxylation. The rapid decomposition o f the sulphate anion is 
responsible for the final loss o f 16.2 %.
The increased thermal stability o f the “Ali2Ga^^’ species over the “Aln^^” species is 
illustrated by the higher temperature needed to attain dehydroxylation of the sample. 
The powder XRD profile o f ' ‘Al^Ga^^ Keggin sulphate” after heating to 1150 
(figure 3.14) confirms the phase transitions to sodium aluminium oxide (possibly 
gallium aluminium oxide) and a-alum ina detected in the DTA curve at T  « 945 and 
1088 °C. A summary of the main reflections, together with their phase assignments 
is given in table 3.10.
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c3OO
10 20 30 40
20  / 50 60 70 80
Figure 3.14. Powder XRD profile of “AluGa^"^ Keggin sulphate” after heating to 
1150 °C
2 0 / ° d / Â Phase
7.79 11.33 G
15.65 5.66 G
25.53 3.49 A
31.87 2.81 G
35.10 2.55 A
35.70 2.51 G
37.12 2.42 G
37.70 2.38 A
39.98 2.25 G
43.27 2.09 A
52.44 1.74 a,g
57.40 1.60 A
61.18 1.51 A
66.36 1.41 A
68.04 1.38 A
1  7 +  T j r  • 1 -I  ^A  ^ 55  ^A ___
heating to 1150 C. a = corrundum (a  - AlaOa)^ ^^ ,^ g = gallium aluminium oxide 
(Ga2Al22036) or sodium aluminium oxide (NuAItOu)^^^^-
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“AluFe^^ Keggin Sulphate " (M  = Fe)
The powder XRD profile of "Al^Fe^^ sulphate” is shown in figure 3.15. A summary 
of the main reflections observed and their allocation is given in table 3.11.
Bc3OO
Figure 3.15. Powder XRD profile of “Ali2Fe '^  ^Keggin sulphate
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2 0 / ° d / Â phase
8.54 10.34 a
9.86 9.86 a
14.00 6.32 a
16.45 5.39 a
17.16 5.16 a
19.86 4.47 a
21.67 4.10 a
22.66 3.99 a, s
24.41 3.64 a
25.92 3.43 a
28.27 3.15 s
29.60 3.02 a ,s
37.70 2.38 s
43.02 2.10 s
43.90 2.06 a
48.68 1.87 a
50.96 1.79 a
53.41 1.71
58.53 1.58 a, s
59.34 1.56 s
61.50 1.51 s
66.92 1.40 s
Table 3.11. Principal powder XRD reflections of “AlizFe^^ Keggin sulphate”, a = 
aluminium aqua oxide sulphate hydroxide hydrate^^^ ,^ s = sodium iron sulphate.
The powder XRD profile identified two phases, the aluminium Keggin sulphate and 
sodium iron sulphate (Na3Fe(S0 4 )3). This suggests that upon use in the pillaring
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reaction and calcination of the exchanged clay, the “Ali2Fe '^''” species gives rise to 
discrete AI2O3 and Fe203 pillars rather than a AlxFcy03  pillar. This is not seen as a 
problem as it will still give rise to possible active Fe sites in the interlayer of the 
pillared clay.
The FT-IR spectrum of “AluFe^'^ Keggin sulphate” is shown in figure 3.16 with the 
main band assignments given in table 3.12.
36-
4000 3500 2500 2000
Wavenumbers (cm-1)
1500 500
Figure 3.16. FT-IR spectrum of "Al 12Fe^^ Keggin sulphate”.
As was the case with both “Alis^”^ Keggin sulphate” and "AlnOa^^ Keggin sulphate”, 
various Al -  OH stretches, bends and deformations, A -  O symmetric and anti -  
symmetric stretches and O - H  stretches, H -  OH deformations can all be seen. 
Furthermore, a stretch attributed to Fe -  OH in an octahedral arrangement is also 
observed. The presence of a central tetrahedrally co - ordinated central Al atom in the 
Keggin species is suggested by the band at 475 cm"\ No bands attributable to a 
central Fe0 4  unit were observed. As was the case with the FT-IR spectrum o f “Al]3 ‘^^
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Keggin sulphate”, no bands attributable to S0 4 ^' anion were observed. This is due to 
V3 and V4 vibrations at 1126 and 612 cm'^ being masked by the vibrations of the 
Ali3^ "^  complex at 1131 and 631 cm '\
W avenumber / cm"' Assignment
3608 O - H  stretching
3460 Al -  OH stretching
3336 O - H  stretching
1649 H -  OH deformation
1049 A l - 0  bending
1090 Al -  OH bending and deformation
996 Al -  OH bending and deformation
1131 Al -  O anti symmetric stretching
702 (Al -  0 )t(1
635 A l - 0  symmetrical stretch
Table 3.12. FT-IR band assignments for “AloFe^^ Keggin sulphate
Thermal analysis of “AlnFe^"^ Keggin sulphate” (figure 3.17) shows an initial loss of 
surface water at T « 85 °C followed by a loss of water of hydration until at T = 278 
°C. The DTA curve in this range shows a sharp endothennic peak centred at T = 172 
°C, indicating the loss of water of hydration, with a small shoulder at T w 135 °C due 
to the loss of surface water. As was the case with both the “AIb "^^ ” and “Al^Ga^"^ 
Keggin sulphates”, a further five small endotherms follow at T = 413, 467, 491 °C
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and 536 °C, corresponding to the stepwise dehydroxylation of the Keggin species. 
Each of these endotherms has an associated gradual mass loss.
TG DTA
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Figure 3.17. TG -  DTA analysis o f “Ali2Fe '^  ^Keggin sulphate”.
A further two sharp endotherms are seen at T = 745 and 815 °C, with associated 
mass losses. These are attributed to the decomposition o f the two sulphate species 
present, the first being associated to the Keggin complex and the second being due to 
the decomposition of the sodium iron sulphate.
O f the 53.80 % total mass loss observed up to 1200 approximately 16.5 % is due 
to the loss o f surface water and water of hydration, with a further 17.2 % being due 
to dehydroxylation. A further mass loss of 14.2 % is attributed to the decomposition 
o f the sulphate anion associated with the Keggin species and the final 5.9 % mass 
loss attributed to the decomposition of the sodium iron sulphate. Surprisingly, no 
further peaks are observed in the DTA curve above 815 °C that can be attributed to 
phase transitions to various oxides up to 1200 °C.
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The powder XRD profile of Keggin sulphate” after heating to 1150 °C is
given in figure 3.18 with a summary o f the reflections observed and their phase 
allocation given in Table 3.13.
(Oc3OO
0 10 20 30 40 50 60 70 80
29  /
Figure 3. 
1150 °C.
Powder XRD profile of “AlnFe^^ Keggin sulphate” after heating to
The absence o f oxide phases containing both aluminium and iron together with the 
presence of corrundum and haematite, confirm that the “AliiFe^”^ Keggin sulphate”, 
as suggested above, is a combination o f an Keggin sulphate and an iron
containing species. This further suggests that when used in the pillaring reaction, a 
combination o f FczOg pillars and AI2O3 pillars results rather than Al^Fez-xOg pillars. 
This is not seen as a problem as it still allows the introduction of Fe based active sites 
into the interlayer area of the pillared clay.
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2 e r d / Â phase
7.71 11.45 n
25.38 3.51 c
31.56 2.83 h
33.37 2.68 n, nf
34.95 2.57 c, n f
35.38 2.54 nf
35.73 2.51 c
37.45 2.40 n, c, nf, h
44.64 2.03 nf
45.57 1.99 nf
46.64 1.95 n, nf
47.81 1.90 nf
49.24 1.85 nf
49.73 1.83 nf
54.34 1.69 n
57.08 1.61 n
65.97 1.41 nf
67.78 1.38 nf
Table 3.13. Principal powder XRD reflections of Keggin sulphate” after
heating to 1150 °C. AflaFe^^ Keggin sulphate heated to 1150 °C, n = sodium 
aluminium oxide (Na2 0 (Al203)u)'^ ^^ ,^ c == corrundum (a-Al203)^^ l^ h = haematite 
(Fe203 )^ ^^  ^and nf = sodium iron oxide (Na4Fei202o) '^ ^^^
Slow Crystallisation o f  ‘'A luF ^^ Keggin Sulphate "
The slow ciystallisation U -  tube apparatus discussed in chapter 2 is shown in plate
3,1 after standing for 2 months. The three separate visible phases identified were 
analysed using powder XRD.
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Phase 1
Phase 2
Phase 3
Plate 3.1. Slow crystallisation U -  tube apparatus after 2 months.
Phase 1 was a white crystalline solid deposited on the outside o f the semi -  
permeable membrane. The powder XRD profile of this solid (figure 3.19) identified 
it as halite (NaCl) formed from the Na^ and Cl' counter ions present.
c3OÜ
. 1. ,  .1 , .
0 10 20 30 40 50 60 70 80
20  /  °
Figure 3.19. Powder XRD profile o f phase 1. Halite (NaCl).
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Phase 2 was a deep brown coloured fine powder. This was found to be X -  ray 
amorphous and is thought to be an iron / sodium sulphate or hydroxy sulphate o f 
very small crystallite size. The powder XRD profile o f phase 2 is given in figure 
3.20.
c
oÜ
0 10 20 30 40 70 8050 6020  /  °
Figure 3.20. Powder XRD profile o f phase 2.
Phase 3 was a light brown powder containing very small white crystals. Phase 3 was 
found from its powder XRD profile (figure 3.21) to contain at least two compounds.
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cZJoÜ
50 70 800 10 20 30 40 60
20 /
Figure 3.21. Powder XRD profile o f phase 3.
As can be seen from table 3.14, reflections due to an unidentified phase or phases 
and those due to the aluminium Keggin sulphate were observed. This suggests 
further that the species termed “AliiFe^*  ^Keggin sulphate” is in fact a mixture o f the 
All3^  ^Keggin sulphate and at least one other iron containing compound, probably an 
iron sulphate or iron hydroxy sulphate, strengthening claims that substitution of Fe 
for Al in the Aln^ "*" Keggin ion is not possible.
2 0 / ° d / Â phase
7.36 12.01 u
8.60 10.27 a
9.90 8.93 a
17.25 5.14 a
26.00 3.42 u
Table 3,14. Principal XRD reflections of phase 3. a = aluminium Keggin sulphate,^ 
u = imidentified phase (no match to any ICDD database pattern).
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Keggin Sulphate ” (M  = In)
The powder X -  ray diffraction profile o f “Ali2ln’^ Keggin sulphate” is shown in 
Figure 3.22.
c3OÜ
Figure 3.22. Powder XRD profile of “Alnln^^ Keggin sulphate” * = reflections of 
All3^ "^  Keggin sulphate.
The profile in figure 3.22 suggests that the "Alnln^^ Keggin sulphate” was less 
crystalline and / or o f smaller particle size than the other Keggin sulphates studied. 
Although some o f the reflections expected for Al^^^ Keggin sulphate were observed 
(as indicated by * in figure 3.22), a number o f weak reflections that could not be 
assigned were seen, suggesting that the “Aluln^^ Keggin sulphate” is in fact a 
mixture of low particle size Alu^^ Keggin sulphate and indium hydroxides and / or 
sulphates.
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Figure 3.23. FT-IR spectrum of “Ali2ln^^ Keggin sulphate”.
W avenumber / cm“^ Assignment
3551 O - H  stretching
3476 Al -  OH stretching
3337 O - H  stretching
1648 H -  OH deformation
1199 Al -  OH bending
1132 Al -  O symmetric stretching
1086 Al -  OH bending and deformation
1009 Al -  OH bending and deformation
729 (Al -  0)xd
718 Al -  O antisymmetric stretch
636 Al -  O symmetric stretch
Table 3.15. FT -  IR band assignments for “Ali2ln^^ Keggin sulphate
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Thermal analysis of “Ali2ln^^ Keggin sulphate” (Figure 3.24) shows an initial loss of 
surface water at T »  80 °C followed by the loss o f water of hydration until T « 260 
°C as indicated in the DTA curve by a large sharp endothennic peak centred at T = 
186 °C. No shoulder was seen on this endothenn suggesting that the peak due to the 
loss of surface water had completely masked that due to the onset of the loss o f water 
o f hydration. There then follows a large sharp endothenn centred at T = 329 °C, with 
a significant associated mass loss. This endothenn and mass loss are assigned to the 
start o f dehydroxylation. There follows further small endotherms at T = 453 and 475 
°C with an associated gradual mass loss indicating the continued dehydroxylation of 
the sample.
TG DTA
100
90totoCOE exo80COco 70cO
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Figure 3.24. TG -  DTA analysis of "Aliiln^^ Keggin sulphate”.
A broad endothenn with an associated mass loss can be seen centred at T = 842 °C. 
This is assigned to the decomposition of the sulphate groups o f the sample. The peak 
is much broader than encountered for other Keggin sulphates studied. Upon 
comparison with the DTA curve obtained for the decomposition of “AIb ”^^ Keggin
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sulphate” (Figure 3.4) and that o f pure indium sulphate (Figure 3.25), it can be seen 
that this endotherm is a combination of the peaks seen in both species for the 
decomposition o f the sulphate groups, with the Aln^^ sulphate group decomposing at 
T = 820 °C and that of indium sulphate decomposing at T = 867 °C. Furthermore, 
this explains the relatively gradual mass loss observed in this temperature range as it 
corresponds to the two overlapping decompositions. One might expect to find further 
endotherms in the DTA curve at higher temperatures corresponding to phase changes 
of the final oxide phases present, but none were observed.
Of the 43.1 % total mass loss observed up to 1200 °C, approximately 14,0 % is due 
to the loss o f surface water and water of hydration, with a further loss of 19.6 % 
being attributed to dehydroxylation. The final mass loss of approximately 9.4 % is, 
as discussed above, attributed to the decomposition of the sulphate groups in the 
sample.
TG  DTA
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Figure 3.25. TG-DTA of In2(S0 4 )3.
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The powder XRD profile of Keggin sulphate” after heating to 1150 °C is
shown in figure 3.26 with a summary of reflections observed and their phase 
allocation given in table 3.16.
c3OO
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28  /  °
Figure 3.26. Powder XRD profile of “Alialn^^ Keggin sulphate” after heating to 
1150 °C.
As can be seen from table 3.16, three phases were observed:- conundum, indium 
oxide and sodium aluminium oxide. As was the case with the ''AlnFe^^ Keggin 
sulphate” after heating to 1150 °C, no phases containing both aluminium and indium 
were detected. This, together with the presence of both indium oxide and corrundum, 
suggests that the indium present in “Al^In^^ Keggin sulphate” is not substituted into 
the AIi3^  ^Keggin structure. This suggests that upon use in the pillaring reaction with 
subsequent calcination, both aluminium oxide and indium oxide pillars could result 
rather than aluminium indium oxide pillars. This said, the pillaring of a clay with 
“Ali2ln^^ Keggin solution” would still incorporate potential indium and aluminium 
active sites into the interlayer region of the clay.
86
A.J. Roberts 3. Characterisation
2 8 /0 d / Â phase
7.78 11.35 s
15.64 5.66 s
21.50 4.13 i
25^5 3.48 c
30.60 2.92 i
31.84 :L8i s
35.14 2.55 c
35.51 2.53 i,s
37.14 2.42 s
37.76 2.38 s, i,c
39.90 2.26 i,s
41.92 2.15 i
43.33 2.09 c
45.76 1.98 i,s
51.05 1.79 i
52.51 1.74 c
5746 1.60 s, i,c
60.67 1.53 i
66.47 1.41 s, i,c
68.15 1.37 i,c
Table 3.16. Principal powder XRD reflections of "Al^In^^ Keggin sulphate” after 
heating to 1150 °C. s = sodium aluminium oxide (NaAlsOg)^^^ ,^ I = indium oxide 
and c = corrundum (a-Al203).^ ^^ ^
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3.2 2 Laponite Pillared Clays (M = AI, Ga, In or Fe)
Al 1 3  Laponite Pillared Clay (M  = Al)
The powder XRD profile of “AIb ^^ ” exchanged clay shows the 00/ reflection to be at 
a lower angle 29 than the same reflection in Laponite RD, corresponding to a higher 
d spacing in the exchanged clay than the parent clay. The peak corresponding to the 
001 reflection at low 20 in ion exchanged and pillared Laponites is often masked by 
the main beam of the diffractometer and as such is difficult to see. Because of this, it 
is not possible to assign a precise value of 20 to this reflection. The apparent increase 
in d spacing, however, is indicative of the clay layer spacing being expanded due to 
the exchange of Na^ ions in the interlayer region for the bulky AIb ^  ^Keggin ion and 
other species.
An increase in the d spacing observed upon exchange is not in itself evidence for the 
incorporation of the “AIb ^^ ” species as the d spacing observed in clay materials is 
dependent upon a number of factors, most notably the degree of hydration o f the 
material (see chapter!). Direct evidence for the incorporation of the “AIb ^^ ” species 
into the clay interlayer is obtained through ^^Al MAS -  NMR (see chapter 4). 
Laponite RD does not contain aluminium; any aluminium observed in the MAS -  
NMR spectrum of the exchanged material is therefore loiown to originate from the 
exchange species. The presence of tetrahedrally co-ordinated aluminium indicates 
the presence of the “AIb^ ”^ species.
The powder XRD profile of “AIb^^” exchanged Laponite is shown in Figure 3.27, 
together with that of the corresponding pillared clay resulting from heating in air at 
450 ”C. As in the case of Laponite RD, only 00/ and two dimensional hM) reflections 
are observed.
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Uncalcined 
Heated to 450 C
Bc3OÜ
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2 8 /
Figure 3.27. Powder XRD profile of exchanged Laponite and AI13 Laponite
pillared clay after heating to 450 °C.
The 001 reflection o f the “Alis^^” exchanged Laponite appears as a broad peak at a 
low angle 20. An accurate measurement of the angle 20 (and hence d spacing) o f this 
reflection is not possible due to the broad nature of the peak. It is clear form the 
diffraction profile, however, that the 001 reflection, and hence the d spacing lies 
between 18.9 Â and 17.2 Â.
Upon calcination at 450 the 001 reflection is observed as a shoulder to the main 
beam of the diffractometer. Although measurement of the angle 20 (and hence the d 
spacing) of this reflection is not possible, it can be seen that it occurs at a higher 
angle 20  than in the case of the “Alo^^” ion exchanged sample before calcination. 
This, as expected, corresponds to a decrease in the d spacing as a result of 
contraction of the interlayer region upon calcination.
The FT-IR spectrum of exchanged Laponite is shown in figure 3.28 with a
summary of the main bands observed given in table 3.17. As can be seen from the
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spectrum, bands assigned to various Si -  O stretches, water defonnations , Mg -  O 
stretches and Al -  OH stretches are all observed.
' ii o 4
3500 25004000 3000 arao
W a v e n u m b e r s  ( c m - l )
1500 1000 500
Figure 3.28. FT-IR spectrum of exchanged Laponite.
W avenumber / cm * Assignment
3692 SiO -  H stretch
3484 Al -  OH stretch
1648 H2O defonnation
1092 Si -  0  stretch out of plane
1017 Si -  0  stretch in plane
771 Al -  OH deformation
652 0 - H b e n d
537 Mg -  0  stretch
486 Si -  0  stretch
459 0  -  Si -  0  bend
Table 3.17. FT-IR band assignment for “Aln^"^” exchanged Laponite.
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Thermal analysis o f “AIb^^” exchanged Laponite (figure 3.29) shows an initial loss 
of surface water starting at T « 60 °C (T «  50 °C in Laponite) followed by the loss of 
water of hydration until T « 340 °C (T » 230 °C in Laponite).
TG - - - DTA
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Figure 3.29. TG -  DTA analysis o f “AIb ^^ ” exchanged Laponite,
A broad endothermie peak associated with the loss of surface water can be seen in 
the DTA curve centred at T % 160 °C (T « 140 °C in Laponite), with a shoulder 
centred at T « 245 °C (not observed in Laponite), associated with the loss o f water of 
hydration. It is clear from theraial analysis that both the water of hydration and 
surface water are more strongly bound in the “AIb ^^ ” exchanged Laponite than in the 
case of Laponite. This is probably due to the increased Lewis acidity of the 
exchanged clay arising from the introduction of aluminium based pillars in the 
interlayer region of the clay. It is also likely that the aluminium species will also be 
present on the surface of the clay, resulting in an increased affinity for surface water.
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The onset o f further dehydroxylation is indicated by a sharp endothermie peak 
centred at T » 820 (T «  770 °C in the case o f Laponite) in the DTA curve, with an 
associated mass loss. The endothermie pealc is followed by a sharp exotherm centred 
at T « 900 (T « 790 °C in the case of Laponite) resulting from the transition to 
enstatite, magnesium aluminium oxide and SiOj.
A  further sharp endothermie peak is observed in the DTA curve centred at T «  1260 
°C (T « 1100 °C in the case of Laponite) associated with the phase transition to 
ortho- or clino- enstatite. In contrast to Laponite, this endotherm does not have an 
associated mass loss and no appreciable mass loss is observed after T « 1050 °C. 
This provides further evidence for both the successful exchange of the "AIb^"^” 
species into the clay and for the previous assertion made as to the volatilisation of 
Na20 at T «  1100 °C in Laponite (see section 3.2.1), a successful exchange o f the 
*‘A1b^^” species would result in the removal of most Na^ ions from the interlayer 
region of the clay.
Of the 26.9 % total mass loss observed to 1200 °C, approximately 20.0 % is due to 
the loss of surface water, water of hydration and the loss with the remaining 6.9 % 
being due to dehydroxylation. The additional water content (approximately 14 % in 
Laponite), as discussed earlier, can be attributed to the increased Lewis acidity o f the 
exchanged clay. The additional hydroxyl content (approximately 5.6 % in Laponite) 
can be attributed to the polyoxo- AIb ^^  pillar.
It is clear from the thermal analysis data obtained that the introduction of the “AIb ^^ ” 
pillaring species increases both the affinity for water and the thermal stability relative 
to the parent Laponite clay.
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The powder XRD profile of exchanged Laponite after heating to 900 °C is
shown in figure 3.30. Confirmation o f the transition to enstatite, magnesium 
aluminium oxide and SiOi in the DTA curve at T % 900 can be found in table 
3.18, showing a summary of the reflections observed and their assignments.
cuoo
Figure 3.30. Powder XRD profile of “AIb ^^ ” exchanged Laponite after heating to 
900 °C.
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2 0 / ° d spacing / Â phase
27.24 3 J ^ mao
2&44 3.14 e
31.26 2.86 e
35^6 250 s, e, mao
45.10 2.01 e
62.60 1.48 e
65.49 1.42 mao
65 84 1.47 s,e
Table 3,18. Principal powder XRD reflections of Ain Laponite PILC after heating to 
900 °C. e = enstatite^^^ ,^ mao = magnesium aluminium oxide (MgAl204 )^ '^^  ^ and s =
‘'Aîî2 Ga^^ ” Laponite Pillared Clay
The powder XRD profile of “Al^Ga^^” exchanged Laponite together with that after 
heating to 450 is shown in Figure 3.31.
Uncalcined 
Heated  to 450 C
c3OO
0 10 4020 30 50 60 8070
20 /
Figure 3.31. Powder XRD profile of “Al^Ga^^” exchanged Laponite and Al^Ga 
Laponite PILC after heating to 450 ®C.
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As was the case with Laponite and exchanged Laponite, only the 00/ and
two dimensional hkO reflections were observed. The 001 reflection o f the ‘"Ali2Ga^^” 
exchanged Laponite is broad, as expected, with an accurate measurement o f the 
angle 20 (and hence the d spacing) not being possible. The value of the d spacing can 
be estimated at between 19.0 Â and 17.4 Â,
Upon heating to 450 a contraction of the interlayer region occurs, apparent from 
the increased angle 20 for the 001 reflection (coiTesponding to a decreased d 
spacing). As was the case with “Al-n^^’ exchanged Laponite, the reflection is 
obscured by the main beam of the diffractometer.
The FT-IR spectrum of “AI^Ga^^” exchanged Laponite is shown in figure 3.32 with 
the principal adsorptions given in table 3.19.
90^
854
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Figure 3,38. FT -  IR spectrum of “Ali2Ga^^” exchanged Laponite,
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W avenumber / cm * Assignment
3679 SiO -  H stretch
3465 H2O stretch (hydrogen bonded water)
1639 H2O deformation
1025 Si -  0  stretch in plane
850 A l - O  stretch
668 Si -  0  stretch
Table 3.19. FT-IR band assignment for “AIi2Ga^^” exchanged Laponite.
Thermal analysis of “AlnGa^"^” exchanged Laponite (figure 3.33) shows an initial 
loss of surface water at T « 50 °C followed by the loss of water of hydration, ending 
a tT«310°C .
CDE
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Figure 3,33. TG -  DTA analysis of “Ali2Ga^^” exchanged Laponite.
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The DTA curve in the region 30 -  350 resembles that of “AIb '^*'” exchanged 
Laponite, with DTA peak temperatures being slightly lower. A broad endothermie 
peak associated with the loss of surface water can be seen in the DTA curve centred 
at T = 145 ®C, with a shoulder associated to the loss of water o f hydration centred at 
T = 225 °C also present (observed in the case of “AIb ^^ ” exchanged Laponite, but 
not in the case of Laponite).
The onset of dehydroxylation is indicated by a sharp endothermie peak in the DTA 
curve centred at 720 ""C with an associated gradual mass loss. The endotherm is 
followed by a sharp exothermic peak centred at 740 °C, resulting from the phase 
transition to enstatite, magnesium gallium oxide and SiOz. A sharp endotherm 
follows centred at 760 °C, with an associated rapid mass loss. This is indicative of 
continued dehydroxylation. A small endotherm can be seen centred at T % 1070 °C 
with no associated mass loss, associated to the #ansition to ortho- or clino- enstatite, 
as observed for Laponite (T « 1100 ®C) and ter “AIb '^^” exchanged Laponite (T » 
1260 ®C). The absence o f an associated mass loss once again suggests the successful 
exchange of the interlayer Na"^  ions for the “AlizGa^^” pillaring species. In contrast to 
“AIb^^” exchanged Laponite, no high temperature exotherm is observed 
O f the 27.8 % total mass loss observed up to 1200 ®C, approximately 19. 5 % (20.0 % 
in the case of “AIb^^” exchanged Laponite) is due to the loss o f surface water and 
water of hydration with the remaining 8.3 % being due to dehydroxylation.
The powder XRD profile o f “AlizGa^^” exchanged Laponite after heating to 900 °C 
(figure 3.34) gives confirmation of the phase change observed in the DTA curve 
centred at T = 740 °C to enstatite, magnesium gallium oxide and SiOz. A summary of 
the reflections observed and their allocation is given in table 3.20.
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It should be noted that the peak positions of the main reflections of magnesium 
gallium oxide are close to those of magnesium aluminium oxide, meaning that it is 
possible that there is also some magnesium aluminium oxide present or possibly a 
mixed aluminium gallium compound.
Bc3OO
200 10 30 40 50 60 70 8028  / '
Figure 3.40. Powder XRD profile o f '‘Al^Ga^^” exchanged Laponite after heating to 
900
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2 0 / ° d / Â phase
20.35 436 e
27.20 3.27 s
2830 3.15 e
30.49 Z93 e, mgo
31.17 :287 e
36.00 2.49 e, mgo
41.25 2.19 e
42.75 2.11 e
43.45 2.08 a
46.08 1.97 a
51.25 1.78 e, s
5725 1.61 e
61.20 1.51 e, a
62.41 1.49 e
69.34 1.35 e
73.05 1.29 e
Table 3.20. Principal powder XRD reflections of “AîiaGa” Laponite PILC after 
heating to 900 °C. e = enstatite^^^ ,^ mgo = magnésium gallium oxide (MgGa204 )^ ^^  ^
and s -  Si0 2 .[^ ]^
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^^AluFe^^ ” Laponite Pillared Clay
The powder X-ray diffraction profile of “Ali2Fe '^^” exchanged Laponite is shown in 
figure 3.35.
As was the case with both exchanged and “Ali2Ga '^^” exchanged Laponites,
only the 00/ and two dimensional hkO reflections were observed. Again, the 001 
reflection was broad, the accurate measurement o f 20 (and hence the d spacing) not 
being possible. However, an estimate of the value of the d spacing can be made to be 
between 18.6 Â and 17.8 Â, however.
c3OO
Un calcined 
Heated to 450 "C
0 10 20 30 40 50 60 70 802 8 / *
Figure 3.35. Powder XRD profile o f “Ali2Fe^‘^” exchanged Laponite and “Ali2Fe” 
Laponite PILC after heating to 450 °C.
Heating to 450 °C sees a contraction of the interlayer region, as indicated by the 
increased 20 for the 00/ reflection and corresponding decrease in d spacing.
The FT -  IR spectrum of ''AfizFe^^" exchanged Laponite is shown in figure 3.36 
with the principal vibrations observed and their assignment given in table 3.21.
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Figure 3.36. F T - I R  spectrum of "‘Ali2Fe^^’ exchanged Laponite.
W avenumber /  cm‘^ Assignment
3680 SiO -  H stretch
3451 H2O stretch (hydrogen bonded water)
1639 H2O deformation
1098 Si -  0  stretch out of plane
1021 Si -  0  stretch in plane
656 0  -  H bend
611 (Al -  OH)oh stretch
536 Mg -  0  stretch
459 0  -  Si -  0  bend
Table 3.21. FT-IR band assignment for “AI^Fe^^’ exchanged Laponite after heating 
to 900 °C.
Thermal analysis of “AlnFe^*^” exchanged Laponite (figure 3.37) shows an initial 
loss of surface water at T «  50 °C, followed by the loss of water o f hydration ending
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at T = 315 °C. The DTA curve in this region ressembles those of the “Alia^^” and 
“Ali2Ga^’^” exchanged Laponites, with DTA peak temperatures being lower than
those o f the “Alis^^’ material and very close to those of the “Al^Ga^^’ material7+,,
U)tnCOE
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Figure 3,37. TG -  DTA analysis o f “Al^Fe^^’ exchanged Laponite.
The DTA curve shows a broad endothermie peak associated with the loss of surface 
water centred at T = 145 °C and a shoulder centred at T » 220°C associated with the 
loss of water of hydration. This DTA shoulder was not observed in the parent clay, 
but was for the exchanged materials.
A sharp endothermie peak in the DTA curve centred at T = 755 °C with an 
associated gradual mass loss indicates the start of dehydroxylation. This endotherm 
is followed by a sharp exotherm centred at T = 780 °C, resulting from the phase 
transition to enstatite, bronzite and tridymite. Continued dehydroxylation is indicated 
by a sharp endotherm centred at T »  795 and an associated rapid mass loss. A 
further small endotheim can be seen at T » 1150 °C with no associated mass loss, 
assigned to the transition to ortho- enstatite as observed for Laponite (T « 1100 °C)
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and exchanged Laponites (T »  1260 °C for M = Al, T % 1070 °C for M =
Ga). The absence of an associated high temperature mass loss again suggests the 
successful exchange of the interlayer Na"^  ions by the “Al^Fe^^” pillaring species.
O f the 25.6 % total mass loss observed up to 1200 °C, approximately 16.6 % 
(compared to 20.0 % for M = Al and 19.5 % for M = Ga) is due to the loss of surface 
water and water o f  hydration, with the remaining 9.0 % being due to 
dehydroxylation.
The powder XRD profile of “Ali2Fe^^” exchanged Laponite after heating to 900 °C 
(Figure 3.38) confirms the reaction in the DTA curve centred at T »  780 °C is the 
transition to enstatite, bronzite and tridymite. A summary of the reflections observed 
and their allocation is given in table 3.22.
«2c3OO
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Figure 3.38. Powder XRD profile o f “Al^Fe^^” exchanged Laponite after heating to 
900°C.
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2 6 /* d / Â phase
20.36 436 t ,e
21.67 4.10 t
27.10 3.29 e
28.30 3.15 e ,b
30.26 2.95 b
31.16 2.87 e, b
35.75 2.51 t, e, b
57.15 1.61 t , e ,b
6 2 j6 1.48 e ,b
67.73 1.38 e ,b
70.40 1.34 e ,b
Table 3.22. Principal powder XRD reflections of “Ali2Fe” Laponite PILC after 
heating to 900 °C. t -  tridymite (SiCbÿ^^ ,^ e = e n s t a t i t e ^ b = bronzite 
(Feo. 155Mgo.o45 SiOs).
” Laponite Pillared Clay 
The powder X-ray diffraction profile of “Ali2ln^^” exchanged Laponite is shown in 
Figure 3.39.
As with all of the other exchanged Laponites studied, only the 00/ and two 
dimensional hlcO reflections were observed. The 001 reflection was, again, broad 
with accurate measurement o f 26 (and hence the d  spacing) not bemg possible. An 
estimate o f the value o f the d spacing is in the range 18.4 Â - 17.6Â.
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c .3OO
Urtcatcirted 
Heated to 450"C
it.!
Figure 339 , Powder XRD profile of “Alizln^^^ exchanged Laponite and “Ali2ln” 
Laponite PILC after heating to 450 *C
As was the case with the other exchanged Laponites studied, heating to 450 °C 
results in an increased 20 for the 001 reflection. The F T - I R  spectrum of ^ Al^In^^'' 
exchanged Laponite is shown in Figure 3.40 with a summary o f the main vibratior^ 
observed and their allocation given in table 3.23.
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F ig u re3.40. F T - I R  spectrum of “Al^In^^” exchanged Laponite.
W avenumber /  cm* Assignment
3700 SiO -  H stretch
3427 H2O stretch (hydrogen bonded water)
1638 H2O deformation
1104 SiO(OH)3 stretch
1092 Si -  0  stretch out of plane
1008 Si -  0  stretch in plane
668 Si -  0  bend
654 O - H b e n d
537 Mg -  0  bend
495 (Al -  OH2)oh stretch
463 0  -  Si -  0  bend
Table 3.23. FT-IR band assignment for “Ali2ln^^” exchanged Laponite.
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Thermal analysis (figure 3.41) shows an initial loss of surface water at T »  90 °C, 
followed by the loss of water of hydration ending at T »  350 °C. The DTA curve in 
this region resembles those of other exchanged Laponites studied, but with higher 
peak temperatures. Furthermore, a shoulder can be seen centred at T «  140 °C 
associated with the loss of the surface water with the main peak in this region being 
centred at T « 160 °C associated with the loss of water of hydration. These DTA 
peaks suggest that the “Al^In^^” exchanged Laponite has a greater affinity for water 
than the other exchanged Laponites.
TG DTA
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Figure 3.41. TG -  DTA analysis of “Alialn^ *** Keggin” exchanged Laponite.
o  —\ >
The DTA curve shows the presence of a sharp endothermie peak centred at T = 795 
°C. A gradual mass loss is associated, indicating the start o f dehydroxylation. This is 
followed by a sharp exothermic DTA peak centred at T = 850 °C resulting from the 
phase transition to enstatite. This is followed by a further sharp endotheim with an 
associated rapid mass loss, indicating continued dehydroxylation. Once again, a 
further small endotherm is present centred at T w 1115 °C, assigned to the phase
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transition to ortho- enstatite as observed in Laponite (T »  HOO °C) and other 
exchanged Laponites (T «  t26€ “C for .M = Al, T w 1070 °C for M = Ga 
and T % 1150 “C for M = Fe). The absence of an associated high temperature mass 
loss associated with the loss of NaiO again suggests the successfiil exchange of most 
o f the interlayer ions for the “Alnln^^” pillaring species.
The phase transition to enstatite observed in the DTA curve at T = 850 is 
confirmed by the powder X-ray diffraction profile o f “Alnln^^” exchanged Laponite 
after heating to 900 ‘’C (figure 3.42), the principal reOeetions observed j^ven in table 
3.24.
ascrraÜ
0 10 20 30 4026 / 50 7060 80
F^ui-e 3v42. “Ali2ln” Laponite PILC heated to  900 °C.
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3 8 /* d  spaeing / Â ■phase
2%20 328 e
2&T& 316 e
29.96 2.98 up
31.11 287 e
35.55 Z52 e
43.03 2 1 0 e
45.18 2.01 e
57.10 1.61 e
60.95 1.52 e
62.12 1.49 e
6339 147 e
69.16 L36 e
Table 3.27a Principal powder XRE> reflections of “Alnln” Laponite PILC heated to 
900 °C. e = enstatW'*^^, up = unidentified phase (no match to any ICDD data 
pattern).
3L3. Overview
The nature o f the pillaring species used in fiiis work was studied through analysis o f 
the sulphate salts. Powder X-ray diffraction studies o f the Keggin sulphates showed 
all powders to contain at least two phases, one o f which being the Alis '^  ^ Keggin 
sulphate. Upon heating to 1150 ^C, powder XRD revealed the presence of a range of 
oxides. In the cases o f nominally “AIuFe^"  ^Keggin sulphate” and “Alialn^^ K e ^ n  
sulphate”, no oxide compounds o f aluminium and the hetero-atom (Fe or In) were 
detected. This suggests that the hetero-atom has not substituted into the Keggin 
species. In contrast, in the case of the “Al^Ga^^ Keggin sulphate”, a mixed oxide 
phase was detected.
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FT-IR analysis o f the nominally “AluM^^ Keggin sulphates” j^ve vibrations 
attributable to a  number o f M-O and M-OH (M=Al, Ga, Fe or In) vibrations. No 
Vibrations were assigned to the sulphate gi*oup present, as they were masked by the 
vibrations o f  the species.
Thermal analysis of the “Alj^M^^ Keggin sulphates” showed an initial loss of surface 
water followed by the loss of water o f hydration over a temperature range of 35 to 
280 °C with associated endotherms. Stepwise dehydroxylation followed to a 
temperature o f up to T=640 “C  in the case o f “Ali2Ga^^ Keggin sulphate” with a 
number o f endotherms being seen in all cases. At least one endothenn followed with 
a rapid mass loss in the range 740 °C >  T >820 °C assigned to the decomposition o f 
sulphate groups, A further endothermie peak with no associated mass loss was 
observed in some cases at higher temperatures indicative o f  phase transitions.
Powder XRD studies o f  the Laponite pillared clays gave broad low intensity patterns 
due to the small particle size and lack of long range order of the material meaning 
that only the 00/ and two dimensional MO reflections could be seen. Upon 
calcination at 450 ®C, a small decrease in the interlayer d spacing of the exchanged 
clays could be seen caused by contraction o f the interlayer region of the clay. 
Heating the materials to 900 resulted in the formation of enstatite and other oxide 
phases.
FT-IR analysis o f the exchanged and pillared Laponites provided little additional 
information although a number o f  Mg-O, Si-O and Al-O vibrations were assigned. 
Thermal analysis o f  the exchanged Laponites showed an initial loss o f  surface water 
and interlayer water between 50 and 340 with associated endotherms. This was 
followed by a gradual decrease in mass becoming more pronounced between 750 and 
820 with a coiresponding shaip endotherm indicative o f  dehydroxylation o f  the
n o
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pillared clays. Further sharp endotherms followed with no corresponding mass loss, 
indicating phase changes to enstatite and other oxide phases. In contrast to the parent 
Laponite clay, no high temperature (T > 1100 °C) mass loss or DTA peaks 
corresponding to the loss o f volatile NaiO were observed, suggesting that the 
pillaring species had almost completely exchanged Na^ from the clay.
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C hapter 4 
MA-S -  NMM Spectroscopy
In 1945, the independent research groups of Bloch^^  ^ and Purcetf^^ observed nuclear 
magnetic resonance signals for the first time. They were awarded the Nobel Prize for 
tlieir discovery in 1952. Since tiiat time, nuclear magnetic resonance (NMR) has 
evolved into a powerful analytical tool in chemistry.
The NÎV01 experiment relies upon # e  following observation; If certain nuclei are 
placed in a strong magnetic field whilst being irradiated by a weaker RF field 
perpendicular to this, characteristic adsorption o f energy occurs which permits the 
identification of atomic configurations in the structures. This adsorption o f energy 
occurs when nuclear magnetic moments undergo transitions from one alignment in 
the applied field to another.
Due to the huge scope o f the theory o f  NMR, this discussion will be restricted 
primarily to discussions of NMR as applied to the solid state, with particular 
attention drawn to fectors affecting the resolution of the NMR experiment in the 
solid state.
4.1 Theoretical Baekground^^'^*^
Most nuclei possess the property o f  an intrinsic spin angular momentum, J. It has 
been shown through quantum mechanical considerations that this angular momentum 
is quantised
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J  = f t^ /( /  + l) [4.1]
where 1 is the nuclear spin quantmn number, which is isotope dependent and may 
have integral or half integral values (i.e. /  = 0, 1/2, 1. 3/2,2, 5/2 etc) and % -  {h 
is Planck’s constant, 6.6 x J s).
As J  is a vector quantity, it has both magnitude and direction. I f  we consider the 
orientation of J  along a particular axis, for example the z axis, it is not free to assume 
any direction in relation to that axis but is described by the magnetic quantum 
number, m
Jg = fim [4.2}
where m  can assume values between I  and - /  according to
w = / , / - I , / - 2 .........- /  [4.3]
There are, therefore, 2 /+ / possible momentum states for a nucleus o f spin quantum 
number/.
The nuclear magnetic resonance experiment may be divided into three steps: 
i- preparation o f  the system in an externally applied constant magnetic field
ii. perturbation o f the system by either continuous or pulsed irradiation with an
RF magnetic field
in. detection of the response o f the system after perturbation, and the production
of the spectrum
If  a m agnetic field is  applied to a  nucleus o f  spin / ,  the 2/4-1 e n e r^  levels become 
non-degenerate. In the case o f  nuclei o f  / =  a  single low energy state aligned with 
the field and a single high energy state opposed to the field result when a magnetic 
field is applied (see figure 4.1).
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In order to induce transitions between the energy states, radio frequency 
electromagnetic radiation (cOrf = 2tcv ) is applied at a frequency corresponding to Æ  
in accordance with the Planck equation (equation [4.4).
AA = h v  [4.4]
E AE
m
m = + A
No applied field Applied field,
Figure 4.1. The non degeneracy of energy levels of an /  = 1/2 nucleus in the 
presence of an applied magnetic field Bo.
Nuclei with an even mass number and even atomic number such as and have 
zero nuclear spin, whereas nuclei having an odd mass number or atomic number such 
as ^^Al, ^^Si or ^^P always have a non-zero nuclear spin. Classical physics tells us that 
a moving electric charge generates a magnetic field. Where this charge moves in a 
closed loop, an associated magnetic moment (or dipole) results. This same principle 
also applies to atomic nuclei. As a result, nuclei of non-zero spin have an associated 
magnetic moment, jj,.
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The associated magnetic moment behaves as a parallel vector to the spin angular 
momentum such that;
^  = r Z  [4.5]
where y is the nuclear gyromagnetic ratio, a specific constant for a particular nucleus 
of non-zero spin.
In the presence of a magnetic field, B, the energy of the magnetic dipole may be 
expressed:
E = -j.iB [4.6]
If an external magnetic field o f magnitude Bo is applied in the direction of the z axis, 
the components of this field become Bx = 0, By = 0, a .82 = Bo and equation 4.6 gives 
the scalar relationship:
^  = [4.7]
The nuclei do not simply align themselves in the direction o f the magnetic field. The 
presence of an angular momentum results in the nuclei precessing around the axis of 
applied magnetic field in a manner similar to that of a “spinning top”. The frequency 
of precession (or Larmor frequency as it is more commonly known), is given by 
the Larmor equation
[4.8]I n
In contrast to the motion of a spinning top, directional quantisation results in only 
certain angles being permitted for a precessing nuclear dipole. This relationship may 
be expressed in terms of angular fi-equency
= - A  [49]
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Equation [4.9] is the fundamental equation o f nuclear magnetic resonance, 
expressing the relationship between the resonance frequency, the gyromagnetic ratio 
and dae applied magnetic EeJd As mentioned earlier, in order for there to be 
stimulated transitions between energy levels, the resonance condition ^  must 
be m et
Figure 4,2 shows the precession o f a  nucleus o f magnetic moment ^  in the direction 
for y>  0.
Figure 4,2* The precession of a  nuclear moment.
Chemical Shift
Nuclei in a compound o r element are srarounded by electrons. The diamagnetic 
interaction of these electrons with the external magnetic field. Bo, reduces the 
magnetic field experienced by the nucleus, the local magnetic held. The 
magnitude o f the effective magtiehc held Bejf (i.e. tlrat perceived by the nucleus) is 
dependent upon the local m ^netfc field, Bioc and therefore the specific electron 
distribution around the nucleus.
[4J0J
where cris the chemical environment dependent chemical shielding.
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Nuclei ifl different chemical environments have differing local electron densities and 
are, therefore, exposed to different local magnetic fields. As a result o f this different 
nuclei precess with diiferent frequencies resulting in a  series o f  resonance lines as 
resolved in the NMR spectrum. It can be seen from equation [4.9] that the frequency 
of precession of a nucleus is dependent upon the magnitude of the magnetic field 
It therefore, becomes necessary to define a basis to compare the spectra obtained 
in differing static magnetic fields. This problem is overcome by measuring the 
resonance frequencies with respect to an arbitrary standard. This relative frequency 
can then be converted into a chemical shift, S. The dimensionless chemical shift can 
be defined by
Ô — ^scm jple ^Tt^ erence
eselKator
xlO'' [4,11]
where rWip/e is the frequency of the target nucleus, Vre/erence is the frequency of the 
reference nucleus and Voseittat&r is the oscillator frequency o f the instrument.
Given the dependence o f  the resonance frequency o f a  given nucleus upon its 
chemical electronic environment, changes in this environment result in a change in 
the chemical shift.
4 J  J  Nuclei o f I  = ¥ 2
4.1.1.1 Line Bi*oadeiiiiig
Random molecular motion in liquids provides a local averaging o f magnetic 
interactions resulting in high resolution NMR spectra o f narrow, well-defined line 
widths.
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Three factors which aie either not present or are averaged to zero in the NMR o f the 
liquid phase affect the NMR response in a solid. The first two factors are present in 
liquids NMR but are effectively averaged to zero by random molecular motions.
I  Dipole -  dipole through space interactions result in line broadening
ii. Chemical shift anisotropy resulting in broad, complex patterns for powders
iii. It is necessary tor nuclei to relax back to magnetic equilibrium after each 
magnetic pulse. The telaxation times in solids are extremely long in 
comparison to those o f liquids. This means that a considerable amount o f 
time is required after each pulse in order to obtain a  FID which will give a  
time representation o f intensities after Fourier transformation.
In order for a solid state NDvIR spectrum of quality to  be obtained, each o f tliese 
factors must be overcome.
Further factors affecting the quality o f the spectrum stem from the nature o f tiie solid 
itself. A single crystal will give sharp spectral lines (orientation dependant chemical I
shifts), whereas a  poiycrystailine material may give a broad line. The latter results 
from the random orientation o f micro crystallites in the poiycrystailine sample i
producing an envelope o f resonance signals arising fiom individual particles.
Dipoîe-dipole mteractiom (Dipolar broademng}
As discussed above, the chemical shift in the NMR experiment is dependent upon the 
magnetic field at the nucleus. In addition to the applied magnetic field experienced 
by the nucleus, there are additional magnetic interactions with the local environment.
One such interaction is that of the Æpoîe with other nei^bouring magnetic nuclei.
The strength o f tins interaction is dependent upon the magiitude o f the neighbouring 
dipoles, the distoice and orientation o f the intemuclear vector with respect to the
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external field. The rapid molecular motion in a liquid means that these dipole-dipole 
interactions are averaged to zero. In the solid state this is not the case and a broad 
line spectrum results.
Mathematically, the z components of the magnetic field, Bhc, generated by a nucleus 
A at the observed nucleus X is given by:
where the magnitude of the magnetic moment o f A, Vxy is the intemuclear 
distance and Oxy is the angle of the intemuclear vector to the static field Bo- 
These dipolar interactions may be either homonuclear, where the interactions occur 
between the spins of nuclei o f the same type, or heteronuclear, in which case the 
interactions occur between the nucleus observed and nuclei of another type.
When considering dipolar broadening, the abundance of magnetic species must be 
considered. In the case of abundant spin nuclei such as ^H, the homonuclear 
interactions are significant, resulting in a much broadened signal. In the case of dilute 
or low abundance nuclei, such as or ^^Si, the opposite is true, with homonuclear 
interactions not playing a significant part due to the strong distance-dependence of 
the dipolar interactions, but other strong interactions, such as heteronuclear 
interactions, may, however, still lead to line broadening.
Chemical Shift Anisotropy
Upon placing a molecule in a magnetic field the electrons of the structure circulate, 
generating a secondary magnetic field, and making a contribution to the shielding of 
the nuclei. The electron distribution on an atom will not be spherical or cubic in 
shape, giving the. electron density associated magnetic effects some definite
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directional character. As a result of this magnetic anisotropy, the magnetic moments 
induced by an external magnetic field Bo, are not equal for different interactions. If a 
single crystal is studied, it is found that the chemical shift is dependent upon the 
alignment of the crystal with respect to the induced magnetic field. In the case of a 
poiycrystailine powder sample, it is found that a broader NMR signal is observed, 
constructed from the envelope of individual chemical shifts of the differently 
orientated crystallites. The motion and rapid tumbling of molecules in the liquid state 
averages the chemical shift anisotropy to the isotropic value (zero). As in the case of 
dipole-dipole interactions, this chemical shift anisotropy is dependent upon a 
(3cos^0-l) term, where 0 is now the angle between the magnetic field and the 
principal axis about which the chemical shift is defined.
4.1.1.2 Line Narrowing
Magic-Angle-Spinning
Rapid molecular motion in liquids causes the averaging of dipolar broadening and 
chemical shift anisotropy. As discussed earlier, this is not the case in solid state 
NMR. Magic-angle-spinning (MAS), first used by Andrew in 1958,^ ^^  ^ offers an 
alternative averaging to this molecular motion, allowing one the direct observation of 
the isotropic chemical shift.
The anisotropic shifts and dipolar interactions mentioned above are all proportional 
to the term (3cos^0-l), where 0 is the angle between the axis o f rotor and the 
magnetic field. Rapid spinning of the sample in a magnetic field about an angle 0 
multiplies the dipole-dipole interactions and chemical shift anisotropy by (3cos^0-l). 
At the 'Tnagic angle,” 0 = 54°44” and 3cos^0 - 1 = 0 .  Spinning the sample at the
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magic angle at a sufficient speed therefore imitates molecular motion in eliminating 
dipolar coupling and chemical shift anisotropy; for the complete elimination of these 
effects, the spinning frequency must be at least 0.5 times the frequency of the line 
broadening caused by the interactions. If a sufficiently high spinning frequency is 
attained, a series of spectral lines centred on the isotropic chemical shift at equal 
spacing are observed. The central line (isotropic signal) and “spinning side bands” 
are contained in the envelope equivalent to the line shape observed for the static 
solid.
The appearance of spinning side bands cause problems in the quantification, as they 
include signal intensity o f the main signal, and can also cause detection problems if 
smaller “real” resonances are present in the same spectral region. The positions of 
the spinning side bands are dependent upon the spinning frequency o f the solid and 
so any confusion as to their identity can be resolved through the variation of this 
spinning frequency.
Although dipolar broadening effects can be reduced by magic angle spinning, some 
linewidths (typically in spectra) are so broad that modem instrumentation is 
unable to attain a sufficiently high spinning frequency to eliminate them. High 
resolution spectra can be obtained through magic angle spinning techniques when 
there is modest dipolar broadening and small chemical shift anisotropy effects. If this 
is not the case, further line narrowing techniques must be used in tandem with magic 
angle spinning.
Dipolar Decoupling
When two nuclei are coupled, their spins interact causing a splitting of their signals. 
The spinning frequencies required to eliminate these coupling effects by magic angle
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Spinning are often unrealistic and the dipolar couplings are removed by a technique 
analogous to spin decoupling in solution NMR. If we consider a pair of coupled 
nuclei, X and Y, a high frequency field is applied perpendicular to the static 
magnetic field and X is irradiated close to its resonance frequency. Fast transitions 
between the energy levels of X occur and the nucleus Y “feels” only an average field 
from X i.e. the coupling of Y with X is removed. As mentioned, this technique is 
analogous to spin decoupling o f protons in liquids NMR. The only difference 
between the two techniques is that in the case of solid state NMR, a much higher 
power is needed to remove the greater dipolar interactions.
The combination of MAS-NMR and dipolar decoupling techniques is then used to 
eliminate chemical shift anisotropy and dipolar broadening effects in very broad lines 
(e.g. dipolar couplingsin ^^Si spectra).
Cross Polarisation
Cross polarisation enables the transfer o f magnetisation from an abundant species X 
to a less abundant species Y. In the system containing X and Y, the energy levels o f 
X and Y spin systems are split according to the external magnetic field Bo and their 
gyromagnetic ratios yx and yy. The energy levels of X and Y spin systems are 
different due to their different gyromagnetic ratios. As a result of this, transitions 
between different energy levels of both systems occur at different frequencies. Any 
transfer o f population from one spin state to another is only possible if the energy 
difference between the two spin states is the same for both systems. This is achieved 
in the cross polarisation experiment by simultaneous irradiation o f the X and Y spin 
systems with variable radiofrequency magnetic fields during a contact time t. By 
doing this the fields B n  and Btx  are adjusted such that the energy differences
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between the energy levels of both systems are equal in accordance with the 
Hartmann-Hahn condition (eqn [4.14]), allowing the transfer of magnetisation to 
take place.
~ T x ^ ix  ~ T y^ iy ~ ^ ^ y [4.13]
This allows an enhancement of intensity of yZ/y to the less abundant Y species and 
also a reduction in experimental recycle (cycle repeat) times, by reducing the spin- 
lattice relaxation time (Tj).
4.1,2 Nuclei of I  > %
Nuclei of /  >1/2 posses a quadrupole moment, eQ, resulting from an ellipsoidal 
charge distribution in the nucleus. When a quadrupolar nucleus is placed in an 
electric field gradient, eq, interactions occur between the nucleus and the field 
gradient giving an additional contribution to the nuclear energy.
In the case of perfect octahedral or tetrahedral symmetry there is no quadrupolar 
interaction. The vast majority of systems, however, contain at least small distortions, 
resulting in considerable quadrupolar interactions.
Two major observations can be made concerning quadrupolar nuclei in a magnetic 
field:
i. All transitions other than the central m = -1/2 and m = 1/2 are broadened by 
quadrupolar interaction to the first order by an amount Vq
I h {2 /(2 /- l ) }  [4.14]
where ^ is known as the quadrupole coupling constant and eq is equal toh
the electric field strength in the Bo direction. Values of the quadrupole
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coupling constant are high, often in the MHz range. These first order 
quadrupolar interactions can sometimes be averaged out using magic angle 
spinning techniques, but result in the appearance of numerous spinning side 
bands over a frequency range of roughly Vg.
ii. In the second order, all transitions are broadened by a smaller amount
/proportional to which is inversely proportional to the magnetic field
strength. These interactions give rise to complicated line shapes and cannot 
be completely averaged out by magic-angle-spinning techniques. The 
magnitude of these second order effects is, however, decreased by the use of 
high magnetic fields.
As a result o f these interactions, powder samples give broad lines due to the random 
orientation of microcrystals. Only the m = 1/2 to m = -1/2 transitions are observable 
in the spectra o f poiycrystailine samples, as they are not subject to first order 
quadrupolar interactions.
The quadrupolar system provides a highly effective means of relaxation o f many 
nuclei by virtue of rotating and tumbling electrical torque components at the 
resonance frequency, allowing energy interchange between the nucleus and the rest 
of the system (the Ti mechanism). In many systems, this can be regarded as the sole 
source of relaxation.
As mentioned earlier, the effects of quadrupolar interactions can be reduced by the 
use of magic-angle-spinning techniques and also by the use of higher magnetic 
fields.
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4,2 MAS -  NMR Spectroscopy of Clays and Pillared Clays 
Clay minerals are hydrous layered silicates containing mainly silicon, aluminium, 
oxygen and hydrogen, with lithium and magnesium in the case o f hectorites (see 
chapter 1). These elements are present in tetrahedral and octahedral sheets, with 
cations sandwiched between the layers in order to  maintain electroneutrality. 
Polyoxo - aluminium and other metal species may also be present in the case of 
pillared clays, replacing the interlayer cation and propping the layers apart.
All of the above nuclei have isotopes upon which NMR investigation can be carried 
out. In the case of the nucleus has a low natural abundance (0.037%) and studies 
are further complicated by virtue of its quadrupole moment. The nuclei o f primary 
interest in this study are ^^Si, ^^Al and ^Li, which are discussed below.
4.2.1 ^S l MAS -  NMR Spectroscopy^*^^
^^Si has a nuclear spin of /  = 1/2 and a natural abundance of 4.7%. ^^Si NMR study 
has been extensively used to study silicate anions in solution; such studies give sharp 
lines in the NMR spectrum with chemical shifts with high sensitivity towards minor 
changes in both local and long range chemical environments of the silicon nuclei. In 
the case o f solid state ^^Si NMR, however, the situation is more complex. 
Considerable line broadening is encountered as a result o f specific interactions of 
nuclear spins bound in the rigid solid lattice. The main source o f line broadening in 
^^Si NMR of silicates arises from shielding anisotropy effects at the ^^Si nucleus. If 
other NMR active nuclei such as ^^Al and are in close proximity to the ^^Si 
nucleus, further line broadening effects may be encountered due to heteronuclear 
dipolar interactions. Homonuclear dipolar interactions between ^^Si nuclei may be
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ignored, as can heteronuclear interactions between ^^Si and due to the effective 
isolation o f these nuclei from each other (because of their low natural abundances). 
High resolution solid state NMR spectra can, however, be obtained for ^^Si in 
silicates. The line broadening due to chemical shielding anisotropy in ^^Si generally 
does not exceed 100 ppm, and through the application of the magic-angle-spinning 
technique narrow isotropic line shapes with few (or no) spinning side bands can be 
produced Although application of this technique is most successful in ^^Si solid state 
NMR, the application of further line narrowing techniques such as the dipolar 
decoupling of protons and ^H -  ^^Si cross polarisation, used in conjunction with 
magic-angle-spinning, can further improve the resolution and quality of the spectra 
obtained.
The spectral data obtained give three valuable sources of information on the 
environment o f the silicon nuclei observed as discussed below.
The most valuable data obtained in MAS-NMR are the chemical shifts, as these 
reflect the immediate structui al surroundings o f the silicon atoms with a high degree 
of sensitivity. The main feature that determines the isotropic ^^Si chemical shift is the 
number of tetrahedral atoms, T, such as silicon or aluminium that are attached to the 
Si0 4  unit under consideration.
The notation or Q”(mAl) is used when talking about tetrahedrally oxygen co­
ordinated silicon environments: in this notation Q represents a silicon atom 
tetrahedrally bonded to four oxygen atoms and n represents the connectivity o f this 
unit to other Q iraits i.e. the number o f other silica tetrahedra that this unit is bonded 
to. In the case of aluminosilicates, m corresponds to the number of ahinhnium atoms
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connected to the central S1O4 unit via oxygen bridges and n~m other silica tetrahedra, 
where n = 0-4 and m. < n .
As is the case in silicate solutions, higher field (low â) chemical shifts are 
encountered in  solid silicates as the degree of polymerisation of the Q“ building units 
increases^ with the shielding of the central Si atom increasing in the order Ç f < Q*< 
Q^< Q^< as illustrated in figure 4.3 below.
p" 0"“OSiO" "OSiOsi.0*- 0 -
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Figure 4.3, chemical shifts for (referenced to external Mc4Si).^ ^^ ^
The chemical shift is further influenced by the replacement of silicon atoms from the 
tetrahedral framework by aliuninium atoms. For a given g ” imit, the chemical shift 
moves to a progressively lower field (higher 3) with each successive substitution of 
silicon for aluminium resulting in a deshielding o f the central silicon atom by 
approximately 5 ppm as shown in figure 4.4. Further smaller low field shifts can be 
induced by aluminium atoms in the second tetrahedral co-ordination sphere of the 
central silicon atom, but result in a much smaller deshielding of approximately 0 .7 
ppm.
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Figure 4.4. chemical shifts for Q“(mX/) (referenced to external Me4Si)J^^^
It has been found that the chemical shifts encountered in layered silicates cover a 
relatively small range. Generally there is a high field shift o f approximately 4 ppm 
fi^om 1:1 to 2:1 materials [e.g. serpentine ( 1:1 layered) -95.0^ ^*^  and tale (2:1 
layered) 0 ^  -98.1^^^ ]^.
Line intensity
Generally speaking, and given short enough relaxation times relative to recycle 
times, the line intensities of the NMR peaks observed in ^^Si NMR are directly 
related to the number of silicon atoms present in each environment in the material 
under investigation. The quantitative proportions of Si in each environment detected 
can be determined directly from the decomposed spectrum with normalised total 
intensity. Separation of overlapping peaks into individual gaussian components is 
often required, with the contribution of any spinning side bands being added, to the 
central peak.
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It should be noted that the reliability of intensity data is dependent upon there being a 
sufficient recycle time for complete spin relaxation to occur. Where there are nuclei 
in different environments of different relaxation times, the cycle repeat time must be 
adjusted so as to allow for the longest relaxation time (>6  x T, for that feature). 
Furthermore, the line intensity data obtained from cross polarisation spectra are of 
little quantitative use, as the signals of Si atoms in different structural sites are 
enhanced to varying degrees.
Linewidth
Given that instrumental factors such as inhomegeneity of the magnetic field Bo, rotor 
instabilities and mis-setting of the magic angle can be excluded, the most common 
causes of line broadening in ^^Si NMR are as follows:^^^^
i. Increase in chemical shift anisotropy due to structural disorder or substitution 
in higher co-ordination spheres.
ii. Unaveraged dipolar interactions o f the ^^Si nucleus with other NMR active 
nuclei.
iii. The presence of paramagnetic impurities in the sample.
Chemical shift anisotropy effects are the most common causes of line broadening. 
This is due to the presence o f a large number of slightly differing enviromnents 
around almost equivalent Çf{mAl) type atoms created by small distortions in bond 
lengths and bond angles due to crystal defects and the distribution of cations and 
other non-fi'amework species, leading to overlapping lines of nuclei with slightly 
differing shifts. This results in very broad lines (ca. 1 0 - 2 0  ppm) in the case of 
disordered systems, with narrower line widths (< 3 ppm) being observed in ordered
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systems. Dipolar interactions can also cause an increase in line widths, but these can 
be eliminated by dipolar decoupling techniques.
4.2.2 ” A1 MAS-NMR Spectroscopy'"’™'
( /  = 5/2) is a favourable nucleus for NMR studies by virtue of its 100% natural 
abundance and its fast relaxation times (due to its quadrupole). It is possible to obtain 
good quality spectra using short pulse repetition times, leading to short data 
acquisition times. One drawback, however, is the quadrupole moment, which means 
that lines are broad, (with the lowest linewidths observed being of the order of 2.0  to 
2.5 The use of magic angle spinning techniques with high spinning rate and
a large applied magnetic field helps eliminate second order quadrupolar shifts and 
reduces line broadening.
Chemical Shift
The main factor affecting the chemical shift in ^^Al MAS-NMR is the co-ordination 
number of the aluminium a t o m s . D i s t i n c t  ranges of chemical shift (see figure 
4.5) can be observed for octahedral aluminium in AlOe moieties and tetrahedrally co­
ordinated aluminium in AIO4 units, at 8  »  -10 to +20 and <5 « 50 to 80 
respectively. Pentacoordinate aluminium species, AIO5, have also been observed 
and have been found to display shifts 8  = 30 -  AOp'^  ^ In the case of extended 
tetrahedral networks, the chemical shift is only slightly sensitive to the number of 
connected aluminium atoms or a variety of extra-framework c a t i o n s , i n  contrast 
to the case in ^^Si NMR.
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Figure 4.5. chemical shifts based upon values that have been corrected for 
second order quadrupole effects (referenced to external Al(H2 0 )6^ ^(aq.)). o = 
octahedral, t = tetrahedral.
Line Intensity
Not all A1 sites are detected in ^^Al NMR. This is due to the strong quadrupolar 
interactions that are caused by low site symmetry broadening the signal from some 
^^Al sites, to the extent that they are not detected. If the central (+1/2 -+ -1/2) 
transition is not isolated, other transitions may become excited by the radiofrequency 
pulse, resulting in changing intensities. Both the pulse length and the ratio of the 
quadrupole frequency to pulse frequency determine the spectral intensity. The line 
intensity can be made independent of the quadrupole coupling parameter if short 
pulses are used,^ ^^  ^which is the common methodology.
4.2.3 ^Li MAS-NMR
^Li (/ = 3/2) has a high (93%) natural abundance and a low quadrupole moment. The 
principal causes o f line broadening in ^Li NMR are second order quadrupolar 
tions, chemical shift anisotropy for \ i  in sites of low symmetry and
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heteronuclear dipolar interactions (e.g. with or ^^Al in hydrous aluminosilicates). 
The use of magic angle spinning techniques, however, minimises the effects of 
dipolar interactions and chemical shift anisotropy, allowing high resolution spectra to 
be obtained.
4.3 Instrum entation
All MAS-NMR spectra were recorded at the EPSRC National Solid State NMR 
Service (University of Durham) using a Varian Unity 300 (300 MHz for ^H, Bo « 7 
T) spectrometer. The experimental frequencies, spin rates and external standard 
references used for the nuclei investigated are shown in table 4.1 below.
Nucleus Frequency, c^/M H z Spin Rate / kHz External Reference
™Si 59.58 4.5 (CH3)4Si
78.15 12 AICI3 (aq) (1 mol dm’^ )
’Li 116.57 4.5 L iC l(aq)(lm oldm '^)
Table 4.1. MAS -  NMR spectroscopic conditions for the investigation of ^^Si, ^^Al 
and ^Li nuclei.
4.4. Results and Discussion
4.4.1. “AliiM^^ Keggin sulphates” (M = Al, Ga, Fe and In)
The ^^Ai MAS -  NMR spectra o f the “AftzM "^  ^ Keggin sulphates” are shown in 
figures 4.6 to 4.9. All contain two peaks at ^  » 1 and <5» 61 (table 4.2), along with 
several spinning side bands The high field (low S) peak is indicative of tetrahedrally
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co-ordinated aluminium in AIO4 with the low field (high S) peak corresponding to 
aluminium in AlOe octahedral sites.
aoo 2DD 0 - 2 0 0
Figure 4.6. ^^Al MAS-NMR spectrum of “Aln^^ Keggin sulphate’
- 2 0 04 0 0 2 0 0 0
Figure 4.7. ^^Al MAS-NMR spectrum of “AlnGa'’^  Keggin sulphate7+
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- 2  DO200 04 0 0
Figure 4.8. MAS-NMR speetfuin o f “Ali2Fe^^ Keggin sulphate7+
| - r —1— | - i  I I I I ' I I 1 I y - | -  I I I 1 I " I I I " I 1 - r  I I [ - "I i "' i I I" I I T  I - ) I I I  I I I I I I
4 0 0  2 0 0  0 - 2 0 0  - 4 0 0
Figure 4.9. ^^Al MAS-NMR spectrum o f ‘‘Ali2ln '’*’ Keggin sulphate”.7+
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The presence of the AIO4 tetrahedral resonance gives confirmation that a Keggin 
type structure is present in all of the species, the AIO4 unit being at the
centre of the structure. It does not mean, however, that the Keggin
sulphates” consist exclusively o f the Keggin species. The chemical shifts obtained 
through MAS-NMR of the “Al^M^^ Keggin sulphates” are in good agreement with 
those reported in solution NMR 1,61 in solid state; 0, 64 in solution), but 
the low field octahedral peaks corresponding to the A10c> units observed in MAS- 
NMR are of a significantly greater relative intensity. It should be noted that the 
relative pealc intensities of the octahedral : tetrahedral resonances is lower than 
would be expected from the ratio of octahedral : tetrahedral sites in the “Al^M^^” 
species (i.e. 12:1). This indicates that not all of the octahedral sites are observed, 
with some escaping detection due to distortion in the species with a strong increase 
in the quadrupole coupling due to the lowered symmetry of the octahedra.^^^^
M
AIO4 resonance
Ô
AlOô resonance
A1 61.2 -1.0
Ga 6T2 -0.7
Fe 61.2 -0.1
In 61.2 3.0
Table 4,2. Chemical shifts for tetrahedral and octahedral sites in “Ali2M^ "^  Keggin 
sulphates”.
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As can be seen from table 4.2, no variation was observed in the chemical shifts of the 
tetrahedral AIO4 species in the “AliaM^^ Keggin sulphates” with only a minor 
variation seen in the octahedral AlOg species. The lack of variation in the AIO4 
resonance together with the small variation in the AlOe resonance suggests further 
that the “AliaM '^*’ Keggin sulphates” (M = In and Fe) contain the pure Keggin 
sulphate and other phases. “AftaGa^^ Keggin sulphate” will be discussed later with 
^^Ga MAS-NMR evidence. The low field shift of the octahedral resonance in the 
case of "Alizln^^ Keggin sulphate” relative to the other “AluM^*  ^Keggin sulphates” 
suggests a greater degree of shielding resulting from the presence of indium than 
with the other metals.
Only spinning side bands were detected above ô  ^  6 \, suggesting the PI and P2 
polymers discussed earlier^^^  ^ (Chapter 1) were not present in the solid state in this 
case. A very broad resonance can be seen as a shoulder to the AlOg octahedral 
resonance at ^  up to « -120 in all of the “Al^M^^ Keggin sulphates”. This feature is 
due to the background signal of aluminium in the probe of the spectrometer and not 
the “Keggin sulphates”.
The ^^Ga MAS-NMR spectrum of “Al^Ga^^ Keggin sulphate” is shown in figure 
4.10. A single peak is observed at 131.7, corresponding to gallium in Ga04  
tetrahedral species. The chemical shift is in good agreement with that o f Ga04  
tetrahedral species observed by solution NMR {Ô » 137),^ ^^  ^ It should be noted that 
the same sample gave resonances assigned to both tetrahedral and octahedral 
aluminium species when probed by ^^Al MAS-NMR. Given these results this 
suggests that the “AlnGa^^ Keggin sulphate” is not phase pure but rather a 
combination o f the Aln^"  ^Keggin sulphate and either or both the AlnGa^^ Keggin 
sulphate and/or the Gan^^ Keggin sulphate. It is likely that no peak was observed for
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the octahedral GaOg imit due to distortion in the species with a strong increase in the 
quadrupole coupling due to the lowered symmetry of the octahedra.
2DD -2004 0 0 0
Figure 4.10. ^^Ga MAS-NMR spectrum of “Al^Ga^^ Keggin sulphate”.
4.4.3. Laponite
A sample of Laponite RD filter cake from the same batch as the one used in this 
work was studied by ^^Si and \ \  MAS-NMR previousely by Mitchell.^ '^^  ^The results 
obtained are discussed for comparison between the parent clay and the modified 
pillared “AliiFe^^’ analogue. Comparison will also be made between Laponite and 
Talc (Mg3(OH)2Si4 0 io), which may be considered as the parent clay of the Hectorite 
family (but with no substitution of Li^ for Mg^^ in the octahedral layer).
MAS-NMR spectra
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Two distinct resonances are observed in the spectrum of Laponite, Ô = -94.1 and -
85.2 corresponding to the resonances of silicon in sites within the silicate layers 
of the clay and silicon in sites of the Si at the clay layer edges. Decomposition of
the spectrum was found to be difficult, with a number of possible fits. As such, it was 
not possible to resolve the number and ratio of distinct silicon sites. Peak asymmetry 
was also observed as a result of disorder in the Laponite structure.
The spectrum of talc^ ^^  ^ shows only one resonance at <5= -98.1 corresponding to 
silicon in sites. This chemical shift is « 4 ppm higher than that o f Laponite and 
suggests deshielding o f the silicon sites upon substitution of lithium, with an increase 
in the negative layer charge and an overall lowering of the electronegativity of the 
octahedral metal sites. No sites are observed due to the larger particle size in 
talc, resulting in a swamping of the weak resonance by the intense resonance.
^Li MAS-NMR
A  single asymmetric peak centred at ^  = -0.4 is observed in the \ i  MAS-NMR 
spectrum of Laponite, indicating oetahedrally co-ordinated lithium. As discussed 
above, a peak asymmetry results from disorder in the Laponite structure and 
quadrupolar eftects.
4*4.4. “AliiFe^^ Exchanged’^  Laponite
The incorporation of the “Al]2Fe^^” pillaring species into Laponite together with the 
effects of calcination at various temperatures on the clay layers and / or pillars were 
investigated through ^^Si, ^^Al and ^Li MAS-NMR spectroscopy. The results
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obtained are discussed below, with comparisons to the results obtained by 
M itchelf for the parent clay being made where appropriate.
The ^^Si MAS-NMR spectrum of '^AlnFe^"^” exchanged Laponite (figure 4.11) 
contains a high intensity peak centred at -94.6 corresponding to silicon in the 
environment of the clay layers (cf. -94.1 in Laponite). The small shift o f this peak 
upon incorporation of the “AliaFe^"  ^ species into Laponite suggests an ion exchange 
process and does not significantly alter the silicate structure.^^*  ^ A small shoulder at 
-87.5 (obtained from decomposition of the spectrum, appendix figure A l) can be 
observed corresponding to edge site silicon in the environment (cf. ô  = -85.2 in 
Laponite). A new  peak is observed at S=  -78.4 (from decomposition, figure A l) after 
exchange. This peak could be attributed to the Q^(ZA/) resonance but a more likely 
assigmnent is the enviromnent as it disappears upon heating^^^  ^(see below).
The effect of thermal treatment on the ^^Si MAS-NMR spectrum of the “AfiiFe^^” 
exchanged Laponite is shown in figure 4.11 overleaf. Evidence for the assignment of 
the peak at ^  = -78.4 in the uncalcined exchanged sample to the Q^{IOH) group 
rather than the Q^{1AI)) can be clearly seen by its disappearance upon heating. A 
slightly more negative â  value for the resonance is observed upon heating to 300 
°C. A similar effect has been observed for the onset of dehydroxylation in sepiolite 
and kaolinite, but at this relatively low temperature it is more likely to be a result of 
the loss interlayer water.^ *^^ ^
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-94.6
0 -50 -100 -150 -200
Figure 4.11. The effect o f temperature on the MASNMR spectra of AIizFe^"  ^
exchanged Laponite. (a) = exchanged, (b) = heated to 300 °C, (c) = heated to 400 °C 
and (d) = heated to 600 °C, * = spinning side bands.
Upon heating to 400 and then to 600 °C, the resonance is seen to move to 
progressively more negative A This most hkely results from the opening of the 
average T-O-T angle in the silicate structure to relieve local tensions caused by the 
cross-linking pillaring reaction ^
The resonance clearly observed in the nncalcined exchanged clay cannot be 
distinguished upon heating. Decomposition calculations, however, suggest the 
presence of a component peak around -88 moving to progressively more negative 
Ô with increasing temperature.
Decomposition calculations also revealed the presence of a component at â  »  -103 
after heating to 300 and 400 °C, becoming slightly more negative upon heating to
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600 °C. This is assigned to the site and gives further evidence o f the
successful grafting of pillars to the clay layers.
A number of further components are observed after decomposition of the spectrum 
after heating to 600 °C but assignment of these is difficult given the number of 
possible overlapping Si environments and resonances at this temperature.
MAS-NMR
The MAS-NMR spectra for "AlizFe^^' exchanged Laponite before and after 
heating is given in figure 4.12. Two resonances can be seen corresponding to 
octahedral and tetrahedral aluminium at §  «  2.2 and 62.2 respectively. These values 
are similar to those observed in the corresponding Keggin sulphate discussed earlier 
(Section 4.4.1). Once again the relative peak intensifies o f the octahedraktetrahedral 
resonances are lower than those expected from the pillaring precursor. A lthou^  it 
has been shown in chapter 3 that the "AlnFe^"^' pillaring species contains a  mixture 
of pure A1i3^  ^and other Fe containing species, the difference between the expected 
and observed intensities is too great to be accounted for by this. The relative 
intensifies suggest that not all octahedral aluminium is observed. As discussed in 
section 4.4.1, this is due to strong quadrupolar effects resulting from lowered 
symmetry and distortion o f the structure.
Upon heating, little variation in the positions o f the resonances is observed with the 
tetrahedral peak moving to a slightly lower 5 at 600 °C. Furthermore, there is 
significant broadening o f the octahedral resonance at this temperature, suggesting the 
presence of highly dehydroxylated pillars. It is clear from figure 4.12 that the pillars 
in the system are not transformed to spinel type particles, as i f  this were the case both 
resonances observed would occur at higher d
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62.2 2 . 2
200 150 100 -SO50 0 -100
Figure 4,12* The effect o f temperature on the MAS-NMR spectra o f “Ali2Fe^’''” 
exchanged Laponite: (a) = exchanged, (b) = heated to 300 °C, (c) = heated to 400 
and (d) = heated to 600 °C,
^LiMAS-NK'ÎR
The ^Li MtAS-NMR spectra of the “AliiFe^^” exchanged Laponite after different 
thermal treatments are given in figures 4.13 and 4.14. All contain one resonance at ô  
= -0.5, shifting to S  = -1.3 after heating to 600 °C, corresponding to octaliedrally 
coordinated lithium in LiOg. Up to 400 the chemical shift is in good a^eem ent 
with that in the parent clay (^ =  -0.4) giving ftirther evidence that the exchange of the 
pillaring species into the Laponite clay does not affect the structure o f the clay layers. 
The more negative chemical shift after heating to 600 °C, together with the 
broadening of the peak, suggests the lithium in the clay layers is less ordered and /or 
some migration from the layers (reverse Hofmann -  IClemen effect).
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A  (a)
100 50 -500 -100
Figure 4*13* The effect of temperature on the ^Li MAS-NMR spectra of “AliiFe^^” 
exchanged Laponite: (a) = exchanged, (b) = 300^C, (c) = 400°C and (d) = 600°C.
-0.5
5 0 5
(d>
(C)
(b)
T (a)
Figure 4.13* The effect of temperature on the ^Li MAS-NMR spectra of “AlnFe^^” 
exchanged Laponite. (a) = exchanged, (b) = 300^C, (c) = 400°C and (d) = 600'^C.
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4,5* Overview
MAS-NMR spectroscopy o f the “AlnM^"^ Keggin sulphates” (M = Al, Ga, Fe or 
In) all gave two distinct peaks at 1 and 61 corresponding to tetrahedral AIO4 and 
octahedral AIO& species. These are in good agreement with those observed in 
solution NMR at ^  « 0 and 64 respectively. The tetrahedral AIO4 resonance provides 
evidence for the presence of a Keggin type structure. A number of spinning side 
bands were also observed. The relative peak intensities of the octahedral AlOg 
resonances were lower than those expected from the stoichiometry of the compounds 
resulting from the lowered symmetry of the octahedra and quadrupolar effects. The 
lack of variation in the tetrahedral AIO4 resonance at 5  ^  6 \ in Ah 3^ "^  Keggin 
sulphate and in M = In and Fe suggests that these are not pure Keggin species but are 
the All3^  ^Keggin sulphate with at least one other phase.
^^Ga MAS-NMR studies o f the M = Ga Keggin sulphate showed only one peak at ô  
= 131.7 indicating tetrahedral Ga0 4  units. This, together with the tetrahedral AIO4 
observed in the ^^Al MAS-NMR suggest that the “AluGa '^*’ Keggin sulphate” is 
actually a  mix of A l^ ^  Al^Ga^^ and / or Ga^^^ Keggin sulphates.
^^Si MAS-NMR studies of the Laponite parent clay and the “Ali2Fe^^” exchanged 
Laponite showed peaks dit -94 and - 8 8  corresponding to Si in layer sites and 
edge sites respectively, moving to a more negative ô upon heating. A new peak is 
observed upon exchange corresponding to Si in the enviromnent. This peak
is seen to disappear upon heating. Heating results in the appearance of a peak at <5^ « - 
103, corresponding to Si in the enviromnent, again moving to a more
negative ô at higher temperatures, both suggesting some layer condensation.
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MAS-NMR studies of “Ali2Fe^‘^” exchanged Laponite showed two distinct 
resonances at «  2 and 62 corresponding to octahedral AlOô and tetrahedral AIO4, 
with little change upon heating proving a successful pillaring reaction had occurred. 
Stgnificaut broadening of the octahedral peak occurred after heating to 600 °C 
suggesting the presence of highly dehydroxylated pillars.
^Li M AS-NV^ showed only one resonance indicative of lithium in the octahedral 
LiOô environment. Upon heating little change was observed in the spectra with 
possible disorder and / or migration of Li beginning to occur at 600 °C.
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C hapter 5 
Gas Adsorption Studies
5.1 General
The tenu adsorption can be defined as an enrichment of material, or increase in the 
relative density of the fluid, in the vicinity of an interface.^^’^  ^More simply, it is the 
enrichment of one or more components upon a surface. The term desorption is used 
to describe the opposite of this i.e. the depletion of these components or a decrease in 
the density of the fluid in the vicinity of an interface.
Adsorption can be physical or chemical (physisorption or chemisorption). There are 
a number of features that distinguish between these two types of adsorption, some of 
which are laid out below:
1. Physisorption is a very general phenomenon with a low degree of specificity, 
whereas chemisorption is dependent upon the relative reactivities o f the 
adsorbent and adsorbate.
2. As molecules are linked to specific reactive sites on a surface in 
chemisorption, it is generally limited to monolayer fonnation. This is not the 
case with physisorption and at higher relative pressures multilayer 
physisorption occurs.
3. If a chemisorbed molecule undergoes a reaction it loses its identity and often 
cannot be recovered by desorption. In the case of a physisorbed molecule it 
keeps its identity and can be desorbed.
4. There is often an activation energy associated with chemisorption, and at 
lower temperatures there may not be enough thermal energy for the system to 
attain thermodynamic equilibrium. Unless the rate determining step is the 
transport process, physisorption systems usually attain equilibrium rapidly.
!
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Upon exposing a porous solid to a gas at a specific pressure in a closed volume, the 
gas will adsorb on to the solid, resulting in an increase in mass o f the solid and a 
corresponding decrease in pressure of the gas. The actual amount of gas adsorbed by 
the solid is dependent not only on the nature o f the gas and the solid but also upon 
the pressure and temperature of the system. For a given solid and gas at a fixed 
temperature the following relationship (eqn. 5.1) is true.
» = f(p)r.g.s.«M  [51]
where n = amount of gas adsorbed 
p  = adsorbant pressure.
This equation is an expression of the adsorption isotherm i.e. the relationship 
between the amount of gas adsorbed by the solid and the relative pressure, p/p°, of 
the adsorbate at constant temperature, where p° is the saturation vapour pressure of 
the adsorbate at the experimental temperature.
5.1,1 Classification of Isotherms
Most isothenns can be grouped as being one of 6 types as classified by Brunauer, 
Demming, Demming and Teller (BDDT)^^  ^ (as shown in figure 5.1 and table 5.1), 
sometimes refered to as the Brunauer, Emmet and Teller (BET)^ '^  ^ classification, or 
simply as the Brunauer^^^ classification. Each type o f solid has a corresponding 
characteristic isotherm belonging to one the five '"ideal” isotherm types, or 
sometimes the rare sixth stepped isotherm. There are also a number o f  types o f solid 
that can be said to be made up of a mixture of the ideal cases, and some isotherms 
cannot be classified in this manner at all.
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I
ÎI“s VIIV
i
Relative pressure, p/p®
Figure 5.1. The five ideal isotherms, together with the rarer type VI, according to 
BDDT classification.^^]
Type Main Pore Characteristics
I Microporous or non-porous chemisorbed monolayer
II Mainly non-porous or macroporous, but could still have some 
micropores
III Non-porous, wealc adsorbent-absorbate interactions
IV Mesoporous, usually containing some micropores
V Shows porosity, but charasteristic of wealc absorbent-absorbate 
interactions
VI Very rare. Shows stepwise multilayer adsorption on a unifonn surface
Table 5.1, Pore characteristics of the six isotherm types according to the BDDT 
classification.
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5,1.2 Classification of Pores
Any material that contains cavities, channels or intersices can be regarded as porous. 
The porosity of a solid can be defined as the fraction of the apparent volume of the 
sample which is attributed to tlie pores detected by the method used: s  = 
where V is the apparent volume and Vp is the pore volume
Both the size and shape o f a pore or system of pores should be considered when 
thinking of adsorption or catalysis. One should ask when an indent on the surface of 
a solid becomes a pore rather than just a difference in surface texture. By convention, 
to become a pore an indent must be at least as deep as it is wide.
The diameter of a pore (see figure 5.2 overleaf) determines its classification under 
the IÜPAC system as shown in table 5.2 below, but the morphology o f the pore is 
often as important as the size.
Pore size / lUPAC Classification
nm
< 2 Micropores
2 - 5 0 Mesopores
>50 Macropores
[71Table 5.2. Classification of pores according to their size.
Pores can be o f regular or, more commonly, irregular shape. It is normal to use the 
closest geometrical shape to described the shape o f a pore (see table 5.3 and figure 
5.2).
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Geometrical shape Examples
Cylinders Activated oxides such as alumina or
magnesia
Prisms Some fibrous zeolites
Cavities and windows Other zeolites
Slits Clays and activated carbons
Voids left between packed spheres Dried gels such as silica or zirconia gel
Table 5.3. Pore shapes in some common porous materials. (8]
= pore $<70
Figure 5.2. Pore size in common geometrically shaped particles [8]
It is assumed in most adsorption models that the pores have a uniform size along 
their length, but this is rarely the case. It is more common to find pores which are in 
fact funnel shaped (wider mouth than pore body) or ink bottle shaped (wider pore 
body than pore mouth), or a combination of the above.
The accessibility of a pore or pore system is also a consideration. Pores can be closed 
(non-accessible), blind (open only at one end) or through (open at both ends), as
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shown in figure 5.3. Each of these pores can be isolated or, as is normally the case, 
connected to form a porous network.
tnk bottle 
shaped
tunnelunrorm through 
\  pore
dosed pore
DC7 0 Q
O O O . OOOCDO
isolated pore porous network
Figure 5.3. Pore types commonly encountered in porous solids.
Furthermore, it is rare for a solid to contain all pores of the same size. It is therefore 
useful to relate the properties of a porous system to the pore size distribution. In 
porous solids, the surface area observed is much greater than that expected from the 
external surface. This is due to the contribution of the internal surface i.e. the pore 
walls.
Due to the above factors, if a molecule was to pass through/over a granule of porous 
solid, the distance covered would be greater than the granule size. The ratio of the 
distance covered passing through the granule and the granule size is termed the 
tortuosity factor,
In macroporous solids the isotherm approximates to Type II. At a low relative 
pressure there is mainly monolayer formation of adsorbed molecules. The pressure of 
monolayer formation can be lower if a strong adsorbate-adsorbent interaction is 
present. At higher relative pressure, multilayer adsorption occurs and continues until 
condensation of the adsorbate is achieved. Due to the presence of such large pores
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(diameter > 500 Â) this condensation tends to only occur at pressures close to p/p° 
= 1.
In the case of mesoporous materials, low pressure adsorption is similar to that 
observed in macroporous materials. As the relative pressure increases, condensation 
occurs at a pressure related to the Kelvin equation (see later), dependent on the width 
o f the pore (see last section). The condensation o f adsorbate at a pressure lower than 
that at saturation can only occur if a solid surface is present to nucleate the 
condensation process. Generally speaking, the relative pressure at which 
condensation first occurs is lower with a smaller pore width. As this condensation 
takes place, a sharp increase in the adsorption amount is observed. As the mesopores 
are filled, condensation continues on the lower external surface.
In the case of microporous solids, there is a very strong interaction between pore 
walls and adsorbate due to an overlap in potential resulting in adsorption occuring at 
very low relative pressures. The amount o f gas adsorbed at low pressure is enhanced 
and complete pore filling occurs without capillary condensation (typically at p/p® <
0.3). After all micropores are filled, adsorption continues on the external surface.
5.1.3 Hysteresis in Type ÎV Isotherms
The Origin o f  Hysteresis
During adsorption, monolayer fonnation occurs at low pressures on the pore walls. 
As this pressure increases, multilayer adsorption follows and eventually 
condensation of the adsorbate occurs. Upon desorption, the isotherm follows a 
different route to that o f adsorption. This can be rationalised as follows: the interface 
geometry during desorption is different to that encountered during adsorption The
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result of this is that the pressure during evaporation from the meniscus, p , is different 
from the saturation vapour pressure, ps. If  one assumes the pores to be cylindrical, 
and assumes the classical model for adsorption hysteresis,^one can apply the Kelvin 
equation, shown below as eqn 5.2^ ^^  (see also section 5.1.5).
.P )
cosi^ [5.2]
r is the cylindrical radius, y h  the surface tension of adsorbate, V  is the molar volume 
of the liquid adsorbate, ^  is the contact angle of the pore wall, R  is the universal gas 
constant and T is the thermodynamic temperature.
Desorption occurs at p < ps for a small radius, r, as given in eqn 5.2, but adsorption 
occurs diXp =ps and r  =
It should be noted that, although statistical mechanical interpretations of the Kelvin 
equation have been investigated,^^^^ its application to the interpretation of adsorption 
-  desorption hysteresis has been purely empirical.
ClassiJicationMf-ffysteresisXaop
The pore morphology of a system dictates the shape of the hysteresis loop observed 
in the adsorption isotherm. This is dependent on both the shape and packing of 
particles in the system. Four main types of hysteresis loop have been recognised by 
lUPAC,*^ ^^  based on the original system proposed by de Boer.^^^‘ These are the H I, 
H2, H3, and H4 hysteresis loops as illustrated in figure 5.4 overleaf
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e
Relative pressure, p/p" 
Figure 5.4. lUPAC classification of hysteresis loops.
As can be seen above, HI and H4 represent extreme cases with almost vertical and 
horizontal parallel adsorption and desorption branches over a wide p/p° range 
respectively, and H2 and H3 represent the more common intermediate cases.
Types HI and H2 loops ai e indicative of materials containing cylindrical channels, or 
consisting of aggregates (consolidated) or agglomerates (unconsolidated) of 
spheroidal particles. In the case o f HI loops, the pores are thought to be uniform in 
size and shape, whereas in the case of H2 the pores are thought to be o f non uniform 
size and / or shape.
In the cases of type H3 and H4, the materials are usually foimd to consist of plate­
like particles or edged particles (such as cubes), both resulting in the formation of 
slit-like pores. In the case of H4 these particles are of uniform size, with H3 
corresponding to particles with vaiying size.
Choice o f  Adsorptive
The most commonly used adsorptive is nitrogen at 77 K. This is for a number of 
reasons:
1. Dinitrogen molecules are small and, therefore, are able to penetrate small pores. 
Dinitrogen molecules are also not easily distorted.
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2. Although the molecules possess a quadrupole (which may cause some distortion 
upon adsorption), dinitrogen does not have a dipole moment.
3. Dinitrogen is very inert at low temperatures and therefore does not undergo 
chemisorption.
4. The vapour pressure is high at 77 K. This is important as low temperatures are 
needed to enhance physisorption and minimise chemisorption.
Noble gases are sometimes also used as they have spherical non-polar atoms. 
Krypton and argon adsorption at 77 and 87 K can be helpful in the determination of 
low surface area (<1 m^ g"^ ) solids,^ '^^  ^ and He adsorption at 4.2 K has been used to 
investigate some microporous s o l i d s . A  problem in using noble gases is that 
their vapour pressures are often low at any experimental temperature, resulting in 
larger percentage errors in isotherm determination.
5,1.4 Determination of Surface Area
The specific surface area of a solid {S /  m^ g'^) can be determined through gas 
adsorption techniques using the relationship in eqn. 5.3:
L is the Avogadro constant number is the cross -  sectional area of the adsorbate 
and n,n is the monolayer capacity (mol g *), defined as the amount of adsorbate that 
can be accommodated on a completely filled single molecular layer upon the surface 
of unit mass of the solid.
Qm is calculated from the liquid density of the adsorbate, and for nitrogen (the most 
commonly used adsorbate) it takes the value of 16.2 x 10'^  ^ m^, assuming a liqiud 
density p i = 0.808 g cm'^ and close packed hexagonal spherical molecules.
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In order for the specific surface area o f a solid to be calculated using a specific 
adsorbate, the monolayer capacity must be derived from the adsorption isotherm. 
This can be achieved in a number of ways, but is usually obtained by one of three 
methods, the Langmuir, BET and Point B techniques.
The Langmuir Theory
The Langmuir theory is more applicable to some forms of chemisorption than it is 
physisorption,^ but is the precursor o f the BET theory widely used in the 
calculation of specific surface area.
Langmuir^^^’^ ^^ adopted a kinetic approach to the surface adsorption of gases. The 
surface was pictured as being made up o f an array of single equivalent independent 
sites, in number, of localised adsorption. Application of the kinetic theory of gases 
leads to the prediction that the rate of adsorption is dependent on both the pressure 
and the fraction of unoccupied sites n/n,„, i.e. sites at which adsorption has not yet 
occurred. The rate o f desorption is dependent upon the fraction of unoccupied sites 
and the activation energy E  o f the desorption process. This is equivalent to the 
magnitude of the energy of adsorption, but opposite in sign.^ ^^
The equilibrium occurs when the rates of adsorption and desorption are equal giving 
a net rate of adsorption o f zero.
dn
T r ^
_ y ? ^ e x p ( - ^ i  = 0 [5.4]
V /
n is the amount of gas adsorbed at equilibrium pressure p, rim is the monolayer 
capacity, R is the gas constant, E  is the activation energy, and a  and p  are constants 
for the specific gas - solid combination.
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Ideally, the probability of the desorption of an adsorbed molecule from the surface is 
not dependent upon the degree of surface coverage, meaning that E  becomes constant 
for the whole adsorbate-solid system (a major assumption). Rearrangement and 
simplification results in the Langmuir isotherm equation
n Bp
rim 0  + ^ p) 
where B  is the adsorption coefficient as given by
[5.5]
B = [5.6]
w 1
2 -a; is the condensation coefficient, is the number of molecules adsorbed per m in a 
completed monolayer, vi is the oscillation frequency of adsorbed molecules, qi is the 
isosteric heat of adsorption^^^ and Kj is a constant as given by the kinetic theory of 
gases {fci = 0.5L!{MRTŸ‘^  , where L = the Avogadro number, molar mass, R = 
gas constant and thermodynamic temperature).
The monolayer capacity n,„ o f the solid can be estimated from Langmuir analysis^^  ^
o f a type I isotherm by virtue of a plot of (p/p'^Xn against p/p"", giving a straight line 
of gradient
A number of assumptions of varying validity are made in the Langmuir model^^^^
i. the adsorbate behaves as an ideal gas in the bulk gaseous phase,
ii. adsorption is limited to a single molecular layer (the monolayer),
iii. the heat of adsorption is constant for all surface sites i.e. an ideal surface,
iv. there are no lateral adsorbate -  adsorbate interactions,
V. the adsorbed molecules are localised with definite points of attachment to the
surface.
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The mathematical form of the Langmuir isotherm is such that it is able to reproduce 
the general shape of a type I isotherm. It should be noted that a great number of 
systems give linear Langmuir plots over limited ranges of pressure, but this does not 
imply that the system necessarily conforms to the Langmuir model.
The first assumption made in the Langmuir model is only true for some inert gases. 
The second assumption is only true in certain cases o f chemisorption, where 
multilayer adsorption only occurs after the initial formation of a monolayer.
The third and fourth assumptions are never fully true. No solid surface is ever ideal 
in its uniformity and the assumption that there is no adsorbate-adsorbate interactions 
is not valid. Adsorbate-adsorbate interactions result in an increase in the energy o f 
adsorption, whereas surface heterogeneity decreases the energy of adsorption, these 
two assumptions essentially cancel each other out, resulting in isotherms resembling 
the Langmuir prediction. Hence, many systems appear to conform to the Langmuir 
model simply by fulfilling the first assumption.
It is also possible for adsorption in micropores to give Langmuir -  type behaviour as 
a result o f the overlap of potential fields from walls within the narrow pore walls. 
Therefore, the Langmuir surface area, Sianginuir, calculated for a microporous solid 
does not represent a true specific surface area o f a microporous solid.
The B E T  Model
The most widely used model for the assessment of is that proposed by Brunauer, 
Emmett and Teller^ "^  ^ in 1938. The BET model is based upon the Langmuir model*^^  ^
extended to describe multilayer physical adsorption.
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The BET model suffers from the same limitations as the Langmuir model^^^ ,^ since it 
is based on the same initial assumptions. Further, additional assumptions are 
introduced, these being:
i. For all layers above the first, the heat of adsorption is equal to the molar heat 
o f condensation of the adsorbate.
The evaporation -  condensation properties of molecules in second and higher 
layers are the same as those of the bulk liquid.
The number of layers becomes infinite at the saturation pressure of the 
adsorbate as the vapour condenses.
The adsorbed molecules act as a new adsorption surface and the process can 
repeat itself.
These assumptions, and the BET model itself, have come under criticism from a 
number of authors.
The BET equation can be derived kinetically, statistically and thermodynamically. 
For N  adsorbed layers, the equation (the three parameters BET equation)^^^ takes the 
form:
n
m.
IV.
jV+l
p c
\P °  J
, V + l [5.7]
-c \ P_
w h ere#  is the number of adsorbed layers and c is a constant. 
c may be approximated by
c = exp R T [5.8]
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and is a measure of the difference between the heat of adsorption of the first {Ei) and 
subsequent layers.
The Langmuir equation *^^ Ms simply a special case o f equation 5.7 where # =  1. The 
BET equation is usually expressed in its standard form w h e re # -»  oo. In this form it 
becomes the two parameters BET equation^^l
\ p  ; j  (^ -1 )
n
-  + --------^  [5.9]
\  p  J
A plot o f p/n(p/p^) against p/p^  ^give a linear relationship so long as c is constant. The 
monolayer capacity can be obtained from the following relationship 
n,„ = 1 / (slope + intercept) [5.10]
The value of c may be calculated from
c = slope / (intercept + 1 ) [5.11]
c is found empirically to be constant over the range 0.05 < p/p^ < 0.35 for the 
majority of type II isotherms, making the BET method o f obtaining over this 
range feasible. The BET method/equation (eqn. 5.9) is, however, often unreliable for 
predominantly microporous systems and is only applicable for solids giving values of 
c between 50 and 150. In the case of Type IV solids, the BET equation can be 
applied below the hysteresis loop .
The Point B  Method
Type I, II and IV isotherms all commonly exhibit a “Icnee”, suggesting that there is 
less interaction between the adsorbed molecules and the surface at pressures above 
the “knee”. It is normally the case that the end of the “knee” corresponds to a
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decrease in the heat of adsorption, suggesting that the adsorbate -  adsorbent 
interactions are changing.
Brunauer and Emmett*^^ ’^^ ^^  developed the Point B method for the location o f this 
point on the isotherm, taken as corresponding to the monolayer capacity of the 
adsorbate. This point is found to be the post-knee point where the linear region 
begins, as this point “best signifies” the change in the system from monolayer 
formation to the formation of subsequent layers through adsorption. This point B is 
easiest to locate when the knee is sharp, as is the case when the BET c value is high. 
The BET method can be considered as simply a statistical approach to locating Point 
B and, as such, the BET plot should yield a value o f in good agreement with the 
value estimated from the point B method (%), as long as the BET equation is applied 
over the range of the isotherm containing the point It has been found
experimentally, however, that the values obtained may vary by as much as 20%, the 
difference being consequent on the point B assumptions and incomplete conformity 
to BET form by the isotherm.
Point B
W)
"oa — n,
Relative pressure, p/p"
Figure 5.5. The location of the point B on a BDDT type II isotherm.
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5.1.5 Determination of Pore W idth and Fore volume 
Pore Width
Type IV isotherms exhibit hysteresis loops characteristic of mesoporous solids. The 
shape of the hysteresis loop may vary, but it is always the case that the amount of gas 
adsorbed during the desorption branch of the isotherm is always greater than the 
amount adsorbed during the adsorption branch for a given pressure.
Thompson (later Lord Kelvin)^^^  ^and, later, Zsigmondy^^^^ found on thermodynamic 
grounds that even if  p/p^ <1, it is possible for vapour to condense as a liquid in the 
pores of a solid given that the equilibrium vapour pressure over a concave meniscus 
p^ must be less than the saturation vapour pressure at the same temperature. The 
resultant Kelvin equation takes the form (given earlier in section 5.1.5)
In cos^ [5.12]
where p/p^ is the relative pressure of the vapour in equilibrium with a meniscus of 
radius of curvature r„j at T, / i s  the surface tension of the adsorptive o f molar volume 
Fi, R  is the gas constant and (j> is the contact angle between the liquid and the pore 
wall. Assuming cylindrical pores, ^ = 0  and cos<  ^= 1. For N2 adsorption at 77 K, y=  
8.72 X 10'^  N m ' and Vl = 34.68 x 1 0 “^  m’ mot '.
It is possible, therefore, to apply the Kelvin equation at the pressure o f the inception 
o f the hysteresis loop o f a type IV isotherm in order to determine the minimum pore 
diameter at which capillary condensation can occur.
The radius o f curvature of the meniscus, does not give the radius of the pore as it 
also incorporates the thickness o f the adsorbed film, t. A true pore radius is obtained, 
however, via :
r  =  r „ , + t  [5.13]
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where t, the incorporated thickness of the film, can be calculated from
cr, [5.14]t =
where n is the amount adsorbed at the inception of the hysteresis loop, is the 
monolayer capacity and o} is the thickness of each adsorptive layer (taken as 3.54 Â 
forNz).™
The statistical mechanical foundations of the Kelvin equation have been analyzed in 
detail,^ ^®^  but its application to the qualitative interpretation o f adsorption hysteresis 
has been empirical.^^’^ ’^^ ^^  The nature of the assumptions made in the derivation of 
the Kelvin equation and the true complexities of real pore structuies mean that there 
are uncertainties as to its applicability to true mesoporous solids. It does, however, 
provide a useful estimate of minimum mesopore sizes for a wide range of adsorbents.
F o r e  V o l u m e
The high pressure plateau observed in the case of solids containing mesopores 
corresponds to the complete filling of meso and micropores. The adsorbate density is 
assumed to correspond to the liquid density at the adsorption temperature. This gives 
rise to Gurvitsch rule, which may be disobeyed, which states that “using liquid 
density the same adsorbate volume is obtained independent of the adsorbate”.
When applied to capillary condensation, the total pore volume may be calculated as 
follows:
n h iTotal Pore Volume = —— -  [5.15]
P
where is the limiting adsorption value derived from the plateau region of the 
isotherm, Mv is the molar mass o f the adsorbate (taken as 28.02 g mof^ for Ni) and p
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is the density of the adsorbate (taken as 0.808 g cm'^ for N2). This simple method of 
determining total pore volume is totally independent of pore geometry.
5,1,6 Fractal Analysis
Fractal analysis is a multiple -  resolution analysis which searches for simple scaling 
power laws of the type:
amount of surface property oc resolution of analysis^, [5.16] 
where D is the fractal dimension of the surface for which the property is relevant. 
Through fractal analysis, more specifically the fractal dimension, information on the 
surface roughness can be obtained which is often useful in assessing the potential 
reactivity o f the environment in which it is to be placed.
A thermodynamic method has been proposed by Neimark^^ '^^^  ^ for the assesment of 
the fractal nature of porous solids, utilising gas adsorption data based on the work of 
Avnir.^^^’^ "^  ^Neimark’s method has the advantage that it is not linked to the type of 
adsorption^^^^ or any models of the porous network, but is rather based upon the 
thermodynamic relationship:
log const - { p ~  2)log
L
[5.17]
where Siv is the surface area o f the gas -  condensed liquid interface, D is the fractal 
dimension and r is the mean radius of curvature of this interface.
The surface area of the gas -  condensed liquid interface, S, can be calculated through 
the intergral form of the Kielsev equation:
S f i n
"(7 )
V "
\ P  J
[5,18]
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where Nmax is the amount adsorbed as p/p"  ^tends towards 1, i? is the gas constant, T  is 
the temperature and y is the surface tension.
The Kielsev equation is only valid for capillary condensation phenomena and does 
not take into account surface forces. It is also assmned that the surface of the 
adsorptive film is o f constant curvature. The mean radius o f curvature o f the 
interface, r, can be calculated from the Kelvin equation (Eqn. 5.2).
By combination of equations 5.2, 5.17 and 5.18, the following equation results:
d
D = 2
r  r r _ \ l1P
L I KP " ) JJr r 11d Imr P
1 I x J j j
[5.19]
A double -  logarithmic plot o f Siv versus r will therefore give the fractal dimension, 
D.
The value of D  for a fractal surface lies in the range 2 < D  <3; a value o f D -  2 
signifies a smooth surface and D = 3 a rough surface with a number of inclusions. 
Although the geometrical irregularities and roughness o f a surface are the main 
reasons for a specific D  value, the prescence of distributed pore size may also 
contribute to the value of D. For this reason, the fractal dimension, D, should be 
viewed as an operative measure o f surface irregularities.
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5.2 Experimental and Instrum entation
5.2.1 Sample Preparation
Samples (typically 0.15 g) were heated in flowing nitrogen at 150°C for 6 hours 
using Micromeretics® 060 Flowprep apparatus in order to remove physisorbed 
vapours. The sample was then allowed to cool to room temperature under nitrogen 
and its mass noted (to 0. Img) prior to analysis.
5.2.2 Experimental
Sorption experiments were carried out using an automated Micromeretics® Gemini 
III 2375 surface area and porosimetry analyser, using dinitrogen at 77 K as the probe 
molecule. The collected data was then processed using SigmaPlot (Jandel Scientific) 
software and isotherms were presented as amount absorbed («, mol g'^) versus 
relative pressure {p/p°\
5.2.3 Instrumentation^^^^
The Gemini III 2375 surface area and porosimetry analyser uses a flowing gas 
system where the adsorptive flows into the sample tube and a reference tube of 
identical internal volume simultaneously. Both tubes are immersed in a liquid 
nitrogen bath in order to attain isothermal conditions thr oughout the experiment.
The rate at which the sample adsorbs gas onto its surface controls the delivery rate of 
gas into the tubes. The pressure difference between the two tubes due to adsorption 
by the sample is recorded by a differential pressure transducer. The servo valve 
restores the pressure in the two tubes to a constant value by injecting more gas into
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the sample tube to compensate for the pressure drop caused by gas adsorption by the 
sample.
Vacuum Nitrogen Helium
Valve Valve Valve
. Volume Adsorbed Transducer 
. Sample Reservoir Valve 
. Sample Reservoir 
. Sample Servo Valve
Balance Reservoir Valve 
Balance Reservoir 
Balance Servo Valve 
Balance Port Valve
Balance Transducer 
Sample Port Valve
Balance Adjustment
Screw I
Balance Tube
Liquid Nitrogen
Sample Tube
Dewar
Sample Transducer
Figure 5.8. Schematic of the Micromeretics® Gemini III 2375 surface area and 
porosimetry analyser.
5.3. Results and Discussion
5.3.1. Laponite
The isotherm resulting from nitrogen sorption at 77 K on dried Laponite filter cake 
(figure 5.9) contained characteristics of both type I and type IV isotherms. The 
adsorption branch of the isotherm showed a rapid uptake of nitrogen at low relative 
pressures but did not plateau, with hysteresis being observed upon desorption. This is 
consistent with the presence of both micropores and mesopores.
172
A.J. Roberts 5, Gas Adsorption Studies
The hysteresis loop could be classified as a combination of types H3 and H4 
indicative of slip shaped pores fonned through the packing of plate like particles.
BET analysis o f the sorption isotherm (figure 5.10) gave a gradient  ^ /n  293
mol'^ g and y intercept V  = 0.2 mof^ g./
A comparison o f the surface area results calculated by BET and point B analysis of 
the nitrogen sorption isotherm at 77 K is given in table 5.4.
BET analysis rim 3.41 X 10-' mol g '
Sbet 333 g"'
c 244
Point B analysis Ma 3.45 X 10-’ mol g ‘
% 337m''g-'
Table 5.4. Comparison of surface area results and parameters for dried Laponite 
filter cake.
As can be seen in table 5.4, the results obtained from BET and point B analysis o f the 
nitrogen sorption isotherm at 77 K agree within experimental error. The high value 
of c indicates that BET analysis may not be reliable in this case and also indicates the 
presence o f microporosity.
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Figure 5.9. Nitrogen sorption isotherm of Laponite at 77 K.
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Figure 5.10. Nitrogen sorption at 77 K: BET plot for Laponite.
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Figure 5.11 shows the BJH desorption pore size distribution curve for dried Laponite 
filter cake, giving one clear maximum corresponding to a pore size of 38 Â. 
Application of the Kelvin equation to the inception of the hysteresis loop gave a pore 
radius o f 16.1 ± 0.5 Â (pore diameter = 32 ± 1.0 Â). This is in reasonable agreement 
with the value obtained from the desorption pore size distribution curve. The total 
pore volume calculated from the plateau region of the isotherm {up = 7.23 x  10 mol 
g'^) was 0.25 cm^ g '\
0.14
0.12  -
™  0.10 -
0.08 -
Q.O) 0.04 -
0.02 -
0.00
10 100 1000
Pore diameter / A
Figure 5.11. Desorption pore size distribution for dried Laponite filter cake.
The fractal dimension, D, was calculated from the adsorption data through 
application of Neimark’s equation (eqn. 5.17). The double log plot o f the radius of 
curvature o f the gas-condensed liquid interface, r, verses the surface area o f this
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interface, Siv (figure 5.12) gave a slope o f -1.0 resulting in the value Z> = 3.0 ± 0.1. 
This is indicative o f pitted surface containing a number of inclusions.
3.5
2.5
^  1.5
5  ’o  0,6 slope = -1.03
0.5 1.5 
log r / Â
2.5-0.5
-1.5
Figure 5.12. Double log plot of r verses Siv for Laponite.
5.3.2. exchanged Laponites (M ~ Al, Ga, Fe and In)
The isothenns resulting from N2 sorption at 77 K on exchanged Laponites
were o f a similar form to those o f Laponite (figure 5.9), the adsorption branch 
showing a rapid uptake of nitrogen at low relative pressures that did not plateau and 
with hysteresis being observed upon desorption. Again, this is consistent with the 
presence of both micro and mesopores.
Once again tlie hysteresis loop could be classified as a combination o f types H3 and 
H4 suggesting the presence of plate like particles packing to give slit shaped pores. 
The BET analysis of the sorption analysis (figure 5.12) allowed the gradients
c the y intercepts ^  ^ to be calculated (shown in table 5.5).
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Figure 5.12. Nitrogen sorption at 77K BET plots for exchanged Laponites
(M = Al, Ga, Fe and In). Key: □ = “Aln^'^” exchanged Laponite, □ = “Ali2Fe^^” 
exchanged Laponite, □ = "Al^Ga^^" exchanged Laponite, □ = ‘‘Al^In^*^” exchanged 
Laponite.
M %  /m ol 'g
Al 311 0.04
Ga 368 0.72
Fe 332 0.87
In 333 0.96
Table 5.5. Gradients and intercepts for “Ali2M^ '*‘” exchanged Laponites (M = Al, Ga, 
Fe and In).
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The specific surface area results for the exchanged Laponites calculated
by BET and point B analysis of the nitrogen sorption isotherms at 77 K are compared 
in table 5.6
M
Urn / mol g'*
BET analysis
Sbet / m^ g ^ c
Point B analysis 
riB/ molg'^ Sb / m^
Al 3.22 314 299 3.31 323
Ga 2.71 265 215 2.77 270
Fe 3.00 293 178 3.01 294
In 2.99 292 170 2.96 289
Table 5.6. Comparison o f specific surface areas and parameters for ‘‘AI12M 
exchanged Laponites (M = Al, Ga, Fe and In).
r7+j5
The results obtained from BET and point B analysis of the nitrogen sorption isotherm 
at 77 K are in good agreement, being well within the errors expected under the BET 
model. The high value of c for all “Al^M^^” exchanged Laponites (c > 150) is 
indicative of the presence of microporosity, and as a result BET analysis may not be 
reliable for the reasons discussed earlier (see section 5.1.5).
The results obtained through analysis of the nitrogen sorption isotherm at 77 K show 
the specific surface areas to decrease in the order
Parent Laponite > “A lu’’"” > "AluFe^% “Aliîln’*” > “Al,2Ga’^ ’
It would be expected that the exchange of the bullty species into the
interlayer region of Laponite would increase the specific surface area. Confirmation 
that a Keggin species has been exchanged into the clay can be seen from MAS -
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NMR data obtained, which detects the presence of tetrahedral aluminium (chapter 4). 
A possible explanation for this decrease in surface area upon exchange could be that 
some pores are blocked by the exchange species, and the clay platelets could 
possibly be condensed, with the “Ali2M^ "^ ” species co-ordinating to the edges of the 
platelets.
The pore size distribution curves for the “Al^M^^” exchanged Laponites are shown 
in figure 5.13.
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Figure 5.13. Desorption pore size distributions of “AliaM^"^” exchanged Laponites 
(M = Al, Ga, Fe or In).
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As can be seen in figure 5.13, one clear maximum, ddesorpuon, is seen for each 
exchanged Laponite. These maxima are compared in table 5.7 with those calculated 
through application o f the Kelvin equation to the inception o f the hysteresis loop.
M dclesorption /  A (& /A
Al 35 ±1.0 32 ± 1.0
Ga 38 ± 1.0 32 ± 1.0
Fe 38±  1.0 33 ± 1.0
In 39 ± 1.0 33 ± 1.0
Table 5.7. Desorption pore volumes, Kelvin radii and Kelvin pore diameters for 
exchanged Laponites (M = Al, Ga, Fe and In); dg = Zr^.
The pore diameters of the exchanged Laponites can be seen to decrease in the order
> “AlizFe'''^’ > “AluGa’'"”. Laponite > “Aln’'^’
It should be noted, however, that the exchange o f the “A1i2M’^ ’ species into 
Laponite has relatively little effect on the mesopore diameter observed; it is 
expected, however, that the pillaring process would have considerable effect on the 
micropore diameters.
Gurvitsch total pore volumes, Fg, calculated from the plateau regions of the nitrogen 
sorption isotherm at 77 K are given in table 5.8.
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M Hp / 10'  ^mol g'^ Vg / cm^ g"^
Al 6.03 0.21
Ga 6.55 0.23
Fe 6.41 0.22
In 6.52 0.23
Table 5.8. Gurvitsch total pore volumes Vg for the “Ali2M '^^” exchanged Laponites.
The exchange of “Ali2M^^” species into Laponite resulted in a decrease in the 
Gurvitsch total pore volume (Laponite Vg = 0.25 cm^ g'^), with the total pore 
volumes of the “Al^M^^’ exchanged Laponites being a little smaller. A decrease is 
to be expected upon exchange as the pores are ‘‘clogged” with the bulky oxohydroxy 
species. Furthermore, the “Ali2M^’^” exchanged Laponites are expected to have a 
relatively large amount of water of hydration present associated with the exchange 
species (see chapter 3, TG -  DTA results), which could also be responsible for the 
blocking and filling of internal pores.
The fractal dimension, Z), was calculated from the nitrogen adsorption data at 77 K 
for the “AlnM '^*'” exchanged Laponites through application of Neimark’s equation. 
The double log plots of the radius of curvature of the gas -  condensed liquid 
interface, r, versus the surface area of this interface, S/v, for the “AluM^^” exchanged 
Laponites are shown in figure 5.14.
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Figure 5.14. Double log plot of r verses Siv for exchanged Laponite (M =
Al, Ga, Fe and In).
The fractal dimensions obtained through the slope of the low radius area of the 
curves are given in table 5.9.
M D
Al 3.1±0.1
Ga 2.9 ±0.1
Fe 3.0 ±0.1
In 2.7 ±0.1
Table 5,9. Fractal dimension, D, of “AliiM^"^” exchanged Laponites (M = Al, Ga, Fe 
and In).
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The fractal dimension, D, is seen to decrease in the order
Dried Laponite filter cake, “Ali2Fe '^"”> “Ali2Ga^''”> “Al^In^^”
The fractal dimensions of dried Laponite filter cake exchanged and
“AlnFe^"^” exchanged Laponite are all at the upper limiting value of the fractal scale, 
indicating a rough, space filling surface containing a number o f inclusions. The lack 
o f change in the fractal dimension upon exchange with these species suggests that 
there has been negligible smoothing of the surface and that the bulk of the exchange 
species occupy the interlayer i.e. micropores of the clay. The decrease in the fractal 
value for “Al^Ga^^” exchanged and “Al^In^^” exchanged Laponites indicate a 
smoothing of the surface upon exchange o f the parent Laponite clay, with the greater 
degree of smoothing being observed when exchanging with “Al^In^^” species. This 
could be due to the exchange species coordinating to the clay surface as well as 
exchanging into the interlayer region. Given that both species are not thought to be 
pure Keggin species, a more likely explanation is that deposition of oxyhydroxides of 
gallium and indium onto the surface of the clay occurs as the exchange species is 
introduced into the clay suspension of higher pH than the exchange solution.
Effect o f  temperature
The “AIbM^^” exchanged Laponites discussed above were heated to 150, 300, 400, 
500,600,700 and 800 °C. The isotherms resulting from nitrogen sorption at 77 K of 
the “Ali3%  “AlnFe^"^” and “Al^In’^” exchanged materials heated up to 700 °C were 
all of an identical form to those of the initial materials.
This was also the case for “Al^Ga^^” exchanged Laponites heated to 600 °C. A 
typical example of the isotherms obtained is given in figure 5.15.
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The nitrogen sorption isotherm at 77 K of Laponite calcined at 700 °C
(figure 5.16), however, also showed characteristics of both type I and type IV 
isotherms indicative o f the presence of micro and mesopores. The hysteresis loop in 
this case could be classified as a combination of types H2 and H3 suggesting 
interconnected pores of differing size and shape formed from the packing o f plaly 
particles.
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Figure 5.15. Nitrogen sorption isotherm at 77 K of “Al^Fe’^” exchanged Laponite 
calcined at 500 °C.
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Figure 5.16. Nitrogen sorption isotherm at 77 K of “AlnGa^^” Laponite calcined at 
700 °C.
The BET surface areas obtained for Laponites calcined at different
temperatures are given in figure 5.17.
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Figure 5.17. Variation in BET specific surface area with calcination temperature for 
Laponites (M = Al, Ga, Fe and In).
As can be seen in figure 5.17, there is slight reduction in the BET specific surface 
area for the “Al^Fe^^” and “Afialn^^” Laponites up to a processing temperature of 
600 °C. Even after calcination at 700 °C, only a small decrease is seen. After 
calcination at 800 °C the surface area is reduced to < 1 m  ^ g '\  resulting from 
structural collapse and various phase changes (discussed in chapter 3). In the case of 
the “AlizFe^"^” Laponite, the surface area is seen to significantly increase upon 
calcination at temperatures between 300 °C and 600 °C, probably due the
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dehydration of iron oxyhydroxides, with calcination at 700 °C resulting in a material 
of a similar surface area to that o f the original material
A gradual decrease in surface area is observed as the calcination temperature 
increases for Laponite to 700 °C. Upon calcination at 800 °C, once again,
the surface area is reduced to < 1 m^ g'  ^ as structural collapse and phase changes (see 
chapter 3) occur.
The surface area of “AlnGa’"^” Laponite decreased gradually as calcination 
temperature was increased to 600 ^C, with calcination at 700 °C and 800 °C resulting 
in materials of very low surface area, again due to structural collapse and phase 
changes in the material (chapter 3).
It is clear from figure 5.17 that all “AlnM^"^” Laponites (M = Al, Ga, Fe and In) 
retain a high surface area up to at least 600 °C.
The pore size distribution curves of the “AliiFe^^” Laponite at different calcination 
temperatures are given in figure 5.18. All of the “Al^M^^” Laponites gave similar 
curves upon calcination at different temperatures with the large peak centred around 
30 -  40 Â moving towards lower d. Upon closer examination, a further peak can be 
seen to develop in the macropore region. Calcination at 700 °C results in two main 
peaks, one centred at 34.7 Â with a shoulder at 25.2 Â, and one centred at 300.6 Â. 
This again confirms that upon calcination at higher temperatures, extensive structural 
reorganisation occurs.
187
AJ. Roberts 5. Gas Adsorption Studies
0.16 -1 T 0.007-8-150  °C 
-O-300 "C 
400 ° C  
-Q-500 °C 
- a - 700 °C
0.14 - 0.006
-- 0.005
0.004 ffl
3 0.08 -
-  0.003 >
a
-  0 .0 0 2  ro
g 0.06 -
^  0.04 -
-  0.0010.02  -
10 100 1000
Pore diameter / A
Figure 5.18. Pore size distribution curves for “Ali2Fe^^” Laponites calcined at 
different temperatures.
The pore radii and diameters of the “A1]2M^^” Laponites calcined at different 
temperatures calculated from application of the Kelvin equation to the hysteresis 
loop are shown graphically in figure 5.19. An initial increase in the pore radii o f the 
materials can be seen as the calcination temperature is increased, with the maximum 
radii being observed upon calcination at 400 °C. As the calcination temperature is 
increased beyond this, the Kelvin pore radii are seen to decrease, returning to 
approximately the precalcination value by 600 -  700 °C. There are no Kelvin pore 
radii given after calcination at 700 °C for “AIi2Ga” Laponite and 800 °C for any of 
the materials, due to the structural collapse.
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Figure 5.19. Kelvin pore radii of “AI12M” Laponites calcined at different 
temperatures.
The fractal dimensions, Z), were calculated from the nitrogen sorption data at 77 K 
for the “AI12M” Laponites calcined at different temperatures (figure 5.20).
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Figure 5.20. Fractal dimension, D, o f “AI12M” Laponites calcined at different 
temperatures.
The fractal dimension o f all but the “Al^In” Laponites are seen to decrease gradually 
as the temperature of calcination is increased to 700 °C, indicating a gradual 
smoothing of the surface o f the material. In the case of “Al^In” Laponite, die fractal 
dimension is seen to remain constant at 2.6 up to a calcination temperature of 600 °C 
suggesting that there are no smoothing effects on the surface in this temperature 
range. Upon calcination at 700 °C the fractal dimension is reduced to 2.0, the lower 
limit o f the fractal scale, indicating a non-pitted surface at the probe molecule (N2) 
level.
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5.3,3. Metal exchanged “AI12M ” Laponites (M = AI, Ga, Fe and In)
The nitrogen sorption isotherms at 77 K of the ion exchanged “AI12M” Laponites 
were of identical form to those o f the non -  exchanged “AI12M” Laponites. A typical 
isotherm is given in figure 5.21.
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Figure 5.21. Nitrogen sorption isotherm of Cu^^ exchanged “Al^Fe” Laponite at 77 
K.
The parameters calculated from the nitrogen sorption data obtained for the metal, N, 
exchanged ‘‘AI12M” Laponites are shown in Appendix 2.
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O f all of the exchanged materials, the highest specific smface area observed was that 
of vanadium exchanged “Aluin” Laponite (358 m^ g'^), vrith the highest Kelvin 
radius and diameter being that o f vanadium exchanged “Al^Fe” Laponite (17.3 Â 
and 34.6 Â respectively) and the highest Gurvitsch pore volumes being those of 
potassium, copper -  potassium and vanadium exchanged “Ahiln” Laponites (0.32 
cm^ g'^).
No trends can be found to rationalise the results with regard to exchange species and 
the resulting properties. There are, however, some observations that can be made. 
The BET specific surface area observed for all o f the exchanged materials is higher 
than that of the non -  exchanged material. This could be a result of the exchange 
process changing the surface charge of the pillared clay.
The Gurvitsch total pore volume can be seen to increase with exchange. This also 
suggests that the exchange process results in a more open -  pore structure in the 
materials. The Kelvin pore diameters show no pattern with regard to exchange 
species.
Little variation is seen in the fractal dimension of the “Ali2lVr’ Laponites after 
exchange. Any decrease in the fractal dimension, assuming that it results in a fractal 
dimension < 3, can be attributed to the exchange species co-ordinating to the surface 
of the materials, creating a smoothing effect. It is unlikely that the exchange species 
co-ordinate exclusively to the surface of the materials, given the variations observed 
in the Gurvitsch pore volumes and BET specific surface areas obtained.
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5.4,Overview
Nitrogen sorption studies o f “Ali2M '^^” exchanged Laponites (M = Al, Ga, In or Fe) 
at 77 K gave specific surface areas between 290 and 315 m^g"\ The sorption 
isothenns obtained were o f BDDT type IV with some type I character, indicative of 
the presence of mesopores with some micropores. The Kelvin diameters were 
calculated and were found to be in the range 35 -  39 Â with the Gurvitsch total pore 
volumes being around 0.22 cm^g'\ The Fractal dimension was found to be close to 3, 
with only the “Al^In^^” exchanged Laponite being significantly lower, probably due 
to surface smoothing during ion exchange.
After heating, no change in the form of the isotherms was observed vrith only a small 
decrease in specific surface area is observed up to 600 °C (with a gradual decrease in 
the fractal dimension). The Kelvin pore diameters were found to be at a maximum at 
around 400 °C but were at their original magnitude after heating to 700 °C.
Exchange with transition metal species resulted in materials with isotherms of the 
same form and specific surface areas in the range 360 - 260 m^g'\ Little variation 
was observed in the other surface properties investigated and no trends were found to 
link the exchange species with surface properties.
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C hapter 6
Preliminary studies of the decompostion of NO* over exchanged pillared
Laponites
The need for urgent “atmospheric clean-up” through the reduction of emissions of 
harmful gases into the enviromnent was discussed in Chapter 1. With this aim in 
mind, the catalytic activity of a range of exchanged pillared clays towards the 
conversion of N2O was tested. Attempts have also been made to gain insight into the 
mechanism of reactions observed through in-situ FTIR investigations.
6.1. Introduction
A large and varied number of materials have been proposed and tested as potential 
deNOx catalysts with a wide range being found to achieve conversion under differing 
conditions. Some of the materials currently under consideration are discussed below.
Charcoal
Some activated charcoals have been put forward as possible deNOx catalysts. One 
such material is charcoal phenol-formaldehyde derivative. The deNOx reaction in this 
system is initiated by strong chemisorption of NO% onto the surface, followed by the 
formation of oxides and the removal of nitrogen.^^^ A limited amount of success has 
been achieved, the conversion of NO% being successful but rapid degredation of the 
catalyst (at the temperatures necessary for catalysis) posing major problems.
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Metal Oxides
The m ost widely used com m ercial deNOx catalysts are the base m etal oxides which 
have been tested in various industrial conditions. In the presence o f  amm onia, 
various oxides such as V2O5, Fe203, CuO, ^ O g ,  C03O4, N iO , Ce02, La203, PrgOn, 
Nd203, Gd203 and Yb203 have been tested, w ith the m ost active being V20s^^l It has 
been shown that the catalyst support can have a pronounced effect on  its 
perform ance; Shikada et al.^ "^ ’ found the V2O5 catalyst to  be m ost active w hen 
supported on titania and the activity to  increase on varying the support in the order 
T i02-S i02< y-Al203 < Si02< Ti02. The catalytic activity o f  T i02-supported V2O5 
(vanadia-titania) system has been further im proved through the additional presence 
o f  other o x i d e s . T h e  inclusion o f  WO3, for example, not only increases the 
catalytic activity o f  the m aterial but also increases its resistance to  poisoning by 
SO2 Similar effects have been seen upon the inclusion o f  M0O3, Ce02, Sn02 
and Z r02 in the vanadia-titania system. Com prehensive testing o f  various m etal 
oxide systems for the destruction o f  NOx in the presence o f  CO again found V2O5 to 
be m ost effective w ith the oxides tested being active in the order Fe203 <  CuCr204< 
CU2O <  Cr203 < NiO < Pt < C03O4 <  AI2O3 (5% Si02)< M nO <  A s in the
presence o f  amm onia, the vanadia-titania system  was again found to be m ore active 
w ith the addition o f  other oxides to the system. In contrast, the catalytic activity o f  
the base oxides in the presence o f  hydrocarbons^^^'^^^ has been found to  be 
disappointing, w ith Si02, UO2, V2O5, Cr203, M n02, Fe203, CoO, N iO  and Z r02 all 
displaying very low  activity. O f the supported m etals K, Ca, V, Cr, Ca, M n, Fe, Co, 
N i, Cu, Zn or Ag on AI2O3 and Cu or Co on S1O2 or Ti02, only the supported Cu, Fe 
and Co m aterials display any increase in  activity relative to the unsupported
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materialsJ^^^ It has been found, however, that the catalytic activity of the alumina 
supported Cu system is enhanced by the inclusion of caesium4^ '^^^^
Af^-ZSM - 5, Structure^^^^ and deNOx Catalysis.
Much research^^^  ^ has been directed towards zeolites and pillared clays for use as 
deNOx catalysts. If sufficiently high NOx conversion can be achieved under 
industrial conditions with these materials, they would provide low cost alternatives to 
the noble metal catalysts currently used.
O f all o f the zeolites and pillared clays studied so far, the M^^-ZSM-5 system^^ '^^^  ^
(where M^^ is a group 1, group 2 or transition metal) has received the most attention 
and is the best understood. ZSM - 5 has a structure related to that of silicates in that 
Si0 4  (and AIO4) tetrahedra link to form repeating units which then form chains as in 
Figure 6.1.
Figure 6.1. The formation of silicate chains (lines represent Si-O-T linlcages).^^^^
These chains connect in zeolites to form a ring structure as shown in figure 6.2. 
These rings are coimected by an inversion operation and a porous structure results.
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Figure 6.2. Ring formation in Zeolite ZSM-Sj^^^
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Figure 6.2 shows the three dimensional structure of ZSM-5. 10-membered rings can 
be seen clearly, and it is these rings that are responsible for the accessibility to a 
connecting network of pores within the solid.
Figure 6.3. The pore structure of Zeolite ZSM-5. [31]
The pore structure (figure 6.3) consists o f straight, parallel pores intersected by a set 
of perpendicular zig - zag pores. It is these pores that account for the shape and size 
selectivity of ZSM-5 as a solid catalyst. The typical chemical composition of the 
sodium form of ZSM-5 can be thought of as approximately 
1.2NazO. 1.3AI2O3.100Si0 2 .7H2 0 , but this form is rarely found to be sufficiently 
catalytically active. The solid so formed does not have a uniform composition and Tt- 
ray emission spectroscopy has shown there to be a variation in Al / Si ratio 
throughout a single crystal, as shown in figure 6.4.
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Figure 6.4. Variation of the Al/Si ratio over a crystal of Na^-ZSM-5 as determined 
by X-ray emission spectroscopyJ^^^
In the case o f the deNOx reaction, high silica versions of ZSM-5 with typical Si/Al 
ratios of 20:1 to 50:1 are found to be more active.^^^ Exchange of ZSM-5 with, 
typically, a transition metal ion has been found to give a solid of much increased 
catalytic activity; a number of metal exchanges have been carried out on ZSM-5 in 
an effort to enhance its deNOx activity. ZSM-5 exchanged with
and pt^ ^ ’^^ 1^ have all been investigated, with the Cu-ZSM-5 catalyst giving the highest 
conversions to O f the other exchanged ZSM-5 materials, Co-ZSM-5 has
proved to be the most successful.
It is unlikely that any of the M^^-ZSM-5 systems will find applications as deNOx 
catalysts, as it has also been found that a side product o f the reaction is highly toxic
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hydrogen c y a n i d e D e s p i t e  this, Cu-ZSM-5 has continued to be used as a 
benchmark comparison when assessing deNOx.
Exchanged Pillared Clays
Little work has been reported to date on the use of pillared clays as deNOx catalysts, 
although they are widely regarded as potentially cheaper and more effective than the 
current commercial catalysts. It has been shown none the less that TiO% pillared 
montmorillonites exchanged with Fe^^ species are in fact more effective at the 
conversion of NO in the presence of ammonia than the commercial WO3 vanadia- 
titania catalyst discussed above. Furthermore, a promoting effect is seen in the 
presence of SO2, which is often present in the reactant streams encountered by the 
catalysts. Cu^^-exchanged TiOi pillared clays have been shown to be more active 
than their Cu-ZSM-5 counterparts in the destruction of NO in the presence of 
hydrocarbon, with the Cu^^ exchanged AI2O3 pillared clays being still more active.
The increased activity of the AI2O3 pillared clay is thought to be due to the unique 
combination of Cu^^ redox centres and the strong Lewis acidity of the pillared 
clay.^ ^^  ^Although no promoting effect has been observed with SO2, the pillared clay 
catalysts are substantially more resistant to poisoning by H2O and SO2 than Cu- 
ZSM-5.f^^J
A variety of transition metal exchanged AI2O3 pillared clays were investigated for 
their deN2 0  activity by De Stefanis et al.,^ ®^^  who observed that the exchange of a 
transition metal species onto the pillared clay does increase its catalytic activity, as 
anticipated. It was found that the highest conversion of N2O was achieved after first 
exchanging the pillared clay with Ca^^ and then exchanging again with Cu^^; under
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the conditions used (the same as in this study) a conversion of 75 -  80 % was 
achieved.
6.1.1. In-situ FTIR  Studies
FTIR spectroscopy of a potentially catalytic material exposed to NOx allows the 
observation of surface reaction with a variety of gases some examples of which are 
given in figure 6.5 below. This in-situ technique has been used at differing 
temperatures and /  or time intervals by some to gain a valuable insight into the 
mechanism of the de-NOx process.
NOIM
nitrosyl
ON ^ N O
M
dinirosyl
ONO
M
nitrite
ONO,IM
unidentatenitrate
O
M
bidentatenitrate
O
o / \
M M 
bridging nitrate
<>M N N/  \  / OM
chelated NO2 cis-N202 dimer 
Figure 6.5. Some examples of surface species observed during in-situ studies of 
potentially catalytic materials with NOx gases.
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6.2. Experimental
6.2.1. De-NiO Catalytic Activity
Exchanged pillared Laponite (0.20 g) was placed in a 5 mm diameter stainless steel, 
tubular, fixed bed, vertical reactor and pre-treated at 450 °C in flowing argon for 2 
hours. After pre-treatment, constant flows o f N2O and CH4 (both 99.9 % purity, 
flows maintained through needle valves) were passed over the catalyst. At a given 
time, the flow of CH4 was stopped and N2O only was passed over the catalyst. At 
selected times, the reactor effluent was passed into a six way gas injector valve 
through a 250 pi sampling loop. The effluent components were separated by a HP 
6890 gas chromatograph using a 6 ft Alltech Hayesep 80/100 column at 35°C and 
were monitored via a thermal conductivity detector. N2O conversions were 
calculated from peak areas using relevant calibration plots for N2O and / or CH4 
flowing through the reactor at 450°C.
6.2.2. In-situ FTIR  Studies
Exchanged pillared Laponites (ca. 20 mg) were pressed onto pre-prepared KBr discs 
(18 imn diameter) and mounted into a standard gas cell with sodium chloride 
windows (figures 6.6  and 6.7) which was placed into a FTIR spectrometer (Perkin 
Elmer). The discs were then heated to 150 °C and purged of surface-sorbed vapours 
under dynamic vacuum for 2 hours. A background spectrum was recorded and NO 
(4000 ppm in He, 1 atm) was introduced into the cell. FTIR spectra were then 
recorded at different time intervals (between 5 and 180 min) after initial exposure to 
NO.
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Sample Holder and Heating Elements
To Vacuum To Gas Supply
Gas Seals
To Temperature Controller
Figure 6.6. Side view of standard gas cell
Sample Holder
Gas Seals Heating Element
To Temperature Controller 
Figure 6.7. End view o f standard gas cell.
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6.3. Results and Discussion
6.3.1. De-N^O Catalytic Activity
N 2 O Conversion in the Presence o f  CH4
The N2O conversion using exchanged pillared clays as catalyst varies at 450 °C with 
time (see later). The conversions achieved after 30 minutes on stream are given in 
figure 6.7, overleaf. The results for Cu^^ exchanged ZSM-5 are also included as a 
standard against which the results can be gauged.
Five of the materials tested achieved 100 % conversion Cu-ZSM-5 standard, Cu 
exchanged and V exchanged “AI13” Laponite PILC, and Co exchanged and Mn 
exchanged “ALaFe” Laponite PILCs. It was not the case that one pillared clay parent 
system proved dramatically more catalytically active than another (i.e. “AI13” or 
“Ali2pe” Laponite), nor was it the case that one exchange species proved more active 
for both pillared clay systems (Cu^^ exchange resulted in close to 100% conversion 
in the “AI13” system but only 35% conversion in the Al^Fe” system; exchange with 
Mn^^ in the AI13” system resulted in only 48 % conversion whereas exchange in the 
Ali2pe” system gave a catalyst with 100 % conversion).
Figure 6.8  plots the BET specific surface area o f the exchanged pillared clay versus 
the N 2O conversion after 30 minutes. It can be seen in figure 6.8  that, in many cases, 
a higher surface area corresponds to a higher N2O conversion, but there are 
exceptions to this in both “AI13” and “Ali2Fe” Laponite systems. The conclusion 
must, therefore, be that there is no clear correlation between the BET specific surface 
area and the N2O conversion using these materials.
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Figure 6.7. N2O conversion by exchanged “Ain”- and “Al^Fe” Laponite PILCs in 
CH4 and N2O stream after 30 minutes.
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Figure 6.8. Correlation between N2O conversion after 30 minutes and the BET 
surface area. (Key: □ = “Al^Fe” Laponite, □ = “Ain” Laponite).
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One factor often considered when potential catalysts are being designed is the total 
pore volume of the catalyst, with a higher pore volume being desirable for a better 
catalyst in many cases. The relationship between the total pore volume and the N2O 
conversion of the exchanged pillared Laponites is shown in figure 6.9 below. There 
appears to be no trend /correlation simply linking the N2O conversion and the total 
pore volume.
The fractal dimension of the exchanged pillared Laponites was discussed in chapter
5. As was mentioned previously, the fractal dimension gives a measure of the 
smoothness of the surface of the material. It has been suggested that the fractal 
dimension increases if an exchange species is deposited on the surface of the material 
rather than exchanging into the bulk.
0.3 n
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Mn V
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Ni Cu
♦
i  0.26 ♦
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Cu Ca Mn
0.25 - ♦N i mCo
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0.23 - 
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♦
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20 40 60
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Figure 6.9. Relationship between the N2O conversion and total pore volume of 
exchanged pillared Laponites. (Key; □ = “Al^Fe” Laponite, □ = “AIb” Laponite).
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Figure 6.10. Relationship between the fractal dimension, D, and the N2O conversion 
o f  exchanged pillared Laponite. (Key: □ = “A l^ F e” Laponite, □ =  “AI13” Laponite).
Given that catalysis is both a pore related and surface related phenomenon, the 
relationship between the fractal dimension, D, and the N2O conversion o f  the 
exchanged pillared Laponites was exam ined (see figure 6 .10). As can be seen from 
figure 6.10, there appears to be no correlation between the fractal dimension and the 
N2O conversion o f  the exchanged pillared Laponites studied.
The relationship betw een the ionic radii^^*  ^ (figure 6.11) and electronegativity^^^^ 
(figure 6.12) o f  the exchange species and the N2O conversion were also investigated. 
Again, no correlation is evident.
The exchanged pillared Laponite systems under study are far too com plex for a 
single correlation betw een any one physio-chem ical attribute and the N2O conversion 
to be likely.
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N 2 O Conversion in the Absence o f  CH4
As mentioned in section 6.2, the flow of CH4 over the potential catalytic materials 
was stopped and the catalytic N2O destruction activity was further investigated. The 
results are given in figure 6.13. The catalytic activities of all but the V exchanged 
“All3” pillared Laponite and the Cu-ZSM-5 standard were reduced on omission of 
CH4 from the reactant flow. The activity of the Cu-exchanged “A in” pillared sample 
and that of the Mn exchanged “Al^Fe” pillared decreased but remained > 75 %.
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Figure 6.13. N2O conversion by “AIb”- and “Al^Fe” Laponite PILCs in a flow of 
N2O (only) after 30 minutes in stream.
As was the case with the exchanged pillared Laponites, attempts were made to find a 
correlation between the decomposition of N2O in the absence of methane and various
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properties of the materials and species analysed. Again no such correlation was 
found.
“Time in Stream ” Studies
One important factor to be considered when assessing the performance of a potential 
catalyst is the effect of continued exposure to reactant stream. A catalyst with a high 
initial conversion that becomes inactive over a short period o f time is of little 
interest. The N2O conversion of the exchanged pillared clays was investigated over 
time in reactant gas stream. The results obtained for the various materials tested are 
given in figures 6.14 to 6.23. The point at which the CH4 is removed from the 
reactant stream is indicated by the vertical line from the x-axis.
Co - AM2Fe Laponite PILC 
(Activated @ 4S0C under flow of Argon)
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Figure 6.14. Decomposition of N2O over Co exchanged “AluFe” Laponite as a 
function of time.
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Figure 6.15. Decomposition of N2O over Co exchanged “AI13” Laponite as a 
function of time.
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Figure 6.16. Decomposition of N2O over Cr exchanged “AI^Fe” Laponite as a 
function of time.
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Figure 6.17. Decomposition of N2O over Cr exchanged “AI13” Laponite as a 
function of time.
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Figure 6.18. Decomposition of N2O over Cu exchanged “AI13” Laponite as a 
function of time.
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Figure 6.19. Decomposition of N2O over Cu exchanged “Al^Fe” Laponite as a 
function of time.
Mn - AI12Fe Laponite PILC 
(Activated @ 450C under flow of Argon)
100
80 -1 60 --40 -
0 50 100 150 250200
T i m e  /  M i n u t e s
Figure 6.20. Decomposition of N2O over Mn exchanged “Ali2Fe” Laponite as a 
function of time.
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Figure 6.21. Decomposition of N2O over Mn exchanged “Ain” Laponite as a 
function of time.
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Figure 6.22. Decomposition of N2O over V exchanged “Al^Fe” Laponite as a 
function of time.
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Figure 6.23. Decomposition of N2O over V exchanged “AI13” Laponite as a function 
of time.
Of the materials studied, it is clear from figures 6.14 to 6.23 that the potentially most 
viable catalyst for the destruction of N2O was the V-exchanged “AIb” pillared 
Laponite, given that it does not lose catalytic activity over the time period studied 
and maintains 100 % N2O conversion in the absence of CH4. Both the Co-exchanged 
“Al^Fe” pillared Laponite and the Cu-exchanged “AIb” pillared Laponite 
maintained » 100% conversion of N2O up to the point where the supply of CH4 was 
stopped. Both could be considered as viable catalysts in reducing conditions. The 
need for “time in stream” testing of potential catalysts was illustrated by the Cr- 
exchanged “Al^Fe” pillared Laponite, which had dropped from « 85 % conversion 
to 20% after only 20 minutes.
216
A.J. Roberts 6 Catalysis
6.3.2. In-situ FTIR Studies
Of the in-situ FTIR studies of NO sorption on exchanged pillared Laponites, only the 
Co^^ exchanged “Al^Fe” Laponite gave a meaningful sequence spectrum (given in 
figure 6.24 below).
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Figure 6.24. NO in-situ FT-IR sequence spectrum of Co^^-exchanged “Al^Fe” 
Laponite.
As can be seen in figure 6.24, a number of peaks can be seen in the spectrum 
increasing in intensity as the time of exposure to NO increases. At the low frequency 
end of the spectrum a broad feature containing two peaks can be seen at 2361 and 
2327 cm '\ corresponding to sorbed N2O on two different s i t e s . A  number of small 
peaks can be seen between 1990 and 1830 cm'^ corresponding to physisorbed NO 
present as both M-NO and M-(NO)2.^ ^^  ^Multiple peaks are found in this area due to 
the presence of multiple metal sites on the surface of the solid (i.e. Fe, Co and Al). 
The large, broad peak centred around 1650 cm*' can be attributed to a number of
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species, most likely nitrates at 1610 cm'V^^  ^ sorbed NO2 at 1650 cm'V^^ and N2O4 
species at 1730, 1750 and 1770 cm"\^^^  ^ A broad group o f peaks can be seen around 
1500 cm“^ and is assigned to various metal n i t r a te s .T h e  most prominent feature of 
the spectrum is the large peak between 1435 and 1280 cm ^ This high intensity peak 
can be assigned to nitrates, NO2 and
Further investigation is required prior to a mechanism for the conversion of NO over 
Co^^ exchanged “Al^Fe” Laponite being established. It is clear, however, that N2O, 
NO2 and nitrates are produced in the reaction at 150 °C, with further reaction likely 
at higher temperatures. Furtheraiore, it is suggested that M-NO and M-(NO)2 species 
are involved in the reaction, most likely as reactive intermediates.
The production of the above species can be explained through a number o f reaction 
steps, a few of which are suggested below where M is a surface metal species (eqn. 
6.1 to 6.6).
M + N O f^M -N O  [6.1]
M-NO + NO M-(N0>2 [6.2]
2 ON-M ^  N2O + M -0 [6.3]
and / or
M-(N0)2 + M N 2O + M - 0  + M [6.4]
M-O + NO -»  M-NO2 [6.5]
M -0 + NO2 -> M-NO3 [6.6]
It should be noted that the in-situ FTIR studies were performed at 150 °C due to 
temperature restrictions o f the apparatus, whereas the catalytic studies were
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performed at 450 °C. The catalytic studies performed on the same material showed it 
to have an almost 100% conversion of N2O at 450 °C. Given that NO2 and N2O are 
produced at this relatively low temperature from NO in the absence of hydrocarbons, 
it is predicted that this material would be effective in the destruction o f NO at 450 
°C.
6.4. Overview
In-situ FTIR studies of NO sorption on the Co^^ exchanged “Al^Fe” Laponite 
revealed the presence o f a number o f reaction products, notably nitrates, N2O and 
NO2. Suggestions have also been made as to their route o f formation.
Of the materials catalytically tested for de-N2 0  activity, five showed « 100 % 
conversion of N2O after 30 minutes in the reactant stream (this included the Cu- 
ZSM-5 sample used as a “benchmark”). No correlation could be found between any 
single property of the exchange species or pillar types and N2O conversion values.
The BET specific surface areas, total pore volumes, fractal dimensions, 
electronegativities and ionic radii of the exchange species were all considered, but no 
clear trend in the N2O conversion was found. It should be noted that the N2O 
conversions observed in this work are significantly higher than those observed by De 
Stefanis et al.^ ^^  ^under the same conditions using montmorillonite based systems and 
although no correlation can be found between the surface properties o f the materials 
and their N2O conversion in this study, a significant factor in the differences in 
catalytic activity of the two systems is likely to be the much greater surface areas 
observed in the Laponite systems.
The materials were also tested in the absence of CH4. Both the Cu-ZSM-5 and V- 
exchanged “A in” pillared Laponite demonstrated «  100% conversion of N2O, but no
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correlation to any single physiochemical variable could be found to account for the 
varying N2O conversions of the materials.
The performances of the pillared Laponites were investigated as a function of time in 
the reactant stream. The V-exchanged “AIb” pillared Laponite maintained «  100% 
N2O conversion throughout the time in stream.
Of the materials investigated, the V-exchanged “AIb” pillared Laponite showed 
highest potential for use as a deN2 0  catalyst, outperforming all other materials 
(including Cu-ZSM-5) in each of the three tests perfonned.
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7, Conclusions and Further W ork
The principal aim of this work was to synthesise potential deNOx catalysts and carry 
out preliminary testing to ascertain their potential. The material chosen to achieve 
this was the high surface area synthetic clay Laponite. The Laponite clay was 
pillared using a variety of pillaring species based upon the Alo^^ Keggin ion. Further 
chemical tuning was achieved through the post exchange of a variety of metal 
species into the pillared clays. The materials produced were characterised using 
powder XRD, thermal analysis, FT-IR and MAS-NMR spectroscopies and nitrogen 
sorption at 77 K. Their interaction with NO was investigated through in-situ FT-IR 
spectroscopy and preliminary testing was carried out to ascertain their potential in 
the catalytic destruction of N2O.
The pillaring species used were investigated through the precipitation o f their 
sulphate salts and characterisation by powder XRD, thermal analysis, FT-IR and 
MAS-NMR spectroscopies.
7.1. Conclusions
The powder XRD of the “AIbM^"^ Keggin sulphates” (M = Al, Ga, Fe or In) showed 
all to contain at least two phases, one of which being the Ali3^  ^ Keggin sulphate. 
When heated to 1150 °C, a number o f oxides were produced with only the “Al^Ga^^ 
Keggin sulphate” showing a mixed aluminium -  gallium oxide. In contrast, both the 
“AlizFe^"^” and “Al^In^^ Keggin sulphates” showed no evidence of a mixed 
aluminium -  iron or aluminium - indimn oxides suggesting that only in the case of 
Al^Ga^^ Keggin sulphate had there been substitution of the heteroatom into the 
Ali3 "^^  Keggin sulphate. FT-IR spectroscopy of the “AlnM^"^ Keggin sulphates” (M =
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Al, Ga, Fe, or In) showed features assigned to various M-O and M-OH vibrations. 
The vibrations of the sulphate groups were not observed as they were masked by the 
vibrations of the AIb "^^  species.
Thermal analysis of the “Al^M^*^ Keggin sulphates” showed a loss o f surface water 
and water of hydration in the range 35 -  280 °C followed by the onset of 
dehydroxylation up to 680 °C with a number of associated endotherms. This was 
followed by a rapid mass loss with at least one associated endotherm between 740 °C 
and 820 °C indicative of the decomposition of the sulphate group. Further 
endotherms were observed at higher temperatures with no associated mass loss 
corresponding to various phase transitions.
^^Al MAS-NMR spectroscopy showed a number of spinning side bands and two 
peaks at Ô «  1 and 61 corresponding to octahedral AlOc, and tetrahedial AIO4. These 
values are in good agreement with those observed in solution (6 « 0 and 64 
respectively). The octahedral resonance at 5 «  61 showed a lowered relative intensity 
to that expected from the stoichiometry of the material due to the lowered symmetry 
of the octahedra and spectral effects arising from the quadrupolar interactions. The 
lack of variation in the positions of the octahedral and tetrahedral resonances o f the 
“AlnM^"^ Keggin sulphates” (M = Fe and In) from those of Ali3^  ^Keggin sulphate 
further suggests that the successful exchange of the heteroatom into the Keggin 
sulphate has not occurred. ^*Ga MAS-NMR spectroscopy of the “Al^Ga^”^ Keggin 
sulphate” showed one peak at ô = 131.7 corresponding to tetrahedral Ga0 4 . Given 
the presence of the tetrahedral AIO4 in the ^^Al MAS-NMR spectrum of the same 
material, these spectra suggest that the “Al^Ga^^ Keggin sulphate” is a mix of AlB% 
AlizGa^^ and/or Gub^^ Keggin sulphates.
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The powder XRD profiles of the exchanged Laponites (M = Al, Ga, Fe
and In) gave broad, low intensity patterns due to the small particle size and lack of 
long range order in the materials. Only the 00/ and 2 dimensional /t/cO reflections 
were observed. Upon heating to 450 °C a decrease in the d-spacing was observed, 
indicative of a contraction of the interlayer region of the clay. Further heating to 900 
°C resulted in the formation of enstatite and other oxide phases.
Little further information was obtained from FT-IR spectroscopy of the “Al^M^^” 
exchanged Laponites although a number of M g-0, Si-0 and Al-O vibrations were 
observed.
Thermal analysis o f the exchanged Laponites showed the loss of surface and 
interlayer water between 50 °C and 340 with associated isotherms. A continued 
mass loss was observed upon further heating, becoming more pronounced between 
750 °C and 820 °C with a sharp associated endotherm corresponding to 
dehydroxylation. Further endotherms were observed at higher temperatures without 
associated mass loss indicative o f phase transitions in the materials. In contrast to the 
parent clay, no endotherms were observed above 1100 °C with associated mass loss 
corresponding to the loss of volatile NaaO, suggesting the almost complete exchange 
ofNa^ for the pillaring species in the clay.
^^Si MAS-NMR spectroscopy of the “Al^Fe^^” exchanged Laponites showed 2 
resonances at ô «  -94 and -88, becoming more negative upon heating, corresponding 
to Si layer sites and Si edge sites respectively. Exchange of the parent 
Laponite resulted in the observation o f a further resonance disappearing upon 
heating, corresponding to Si Q^(IOH). Heating of the “Ali2Fe^^” exchanged 
Laponites resulted in a new resonance at Ô = -103 becoming more negative at higher
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temperatures indicative o f Si Q \lA l), suggesting successful pillaring and possible 
layer condensation.
^^Al MAS-NMR spectroscopy showed two resonances at ô =2 and 62 corresponding 
to octahedral AlOe and tetrahedral AIO4 respectively suggesting the successful 
pillaring of the clay with little variation observed upon heating to 600 °C.
^Li MAS-NMR spectroscopy of “Al^Fe^^” exchanged Laponite showed one peak 
corresponding to octahedral LiOe. Little variation was observed upon heating until 
600 °C where possible lithium disorder and / or lithium migration began.
N2 sorption at 77 K of the “Al^M^’^” exchanged Laponites (M = al, Ga, Fe or In) 
showed all materials to have isotherms of BDDT type IV with some type I character 
indicating the presence of mesopores with some microporous character. The BET 
specific surface areas were in the range 290 to 315 m^ g"^  with the Kelvin pore 
diameter between 35 and 39 Â, the Gurvitsch pore volume «  0.22 cm^g“^ and the 
Fractal dimension close to 3 in all but the “Al^In^^” exchanged Laponite. In this case 
the Fractal value was found to be lower, probably due to surface smoothing upon 
exchange of the parent Laponite clay.
Heating of the “Al^M^^” exchanged Laponites (M = Al, Ga, Fe or In) showed a 
small decrease in the BET specific surface area up to 600 °C with no change in the 
form of the isotherm observed. The Kelvin pore diameter was seen to be at a 
maximum at 400 °C but maintained its original value up to 700 °C and only a 
gradual decrease in the Fractal dimension was observed in all materials.
Exchange of the “Al^M^^' exchanged Laponites (M = Al, Ga, Fe or In) with various 
metal species resulted in materials of BET specific surface areas between 260 and 
360 m^g“^  with isotherms of an identical form to those of their parent pillared clays. 
Little variation in the other properties was observed.
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In-situ FT-IR spectroscopy of the Co^’^ -exchanged “AliiFe^"^” Laponite in the 
presence of NO showed a number of reaction products, most notably nitrates, N%0 
and NO2. Suggestions have been made to their route of formation.
Catalytic testing o f exchanged “Al^M^’*’” Laponites (M = Al, Ga, Fe or In) as 
potential deN20 catalysts in the presence of CH4 showed 5 materials (including the 
Cu-ZSM-5 “benchmark”) to achieve 100 % conversion after 30 minutes in the 
reactant stream. Attempts were made to correlate the properties o f the various 
materials with their N2O conversion; no correlations were found. The exchanged 
“AIbM^ "*^ ” Laponites (M = Al or Fe) were also tested to ascertain their N2O 
conversion in the absence o f CH4. Both the Cu-ZSM-5 “benchmark” and the V- 
exchanged AIb^’*' Laponite achieved 100 % conversion of N2O after 30 minutes in 
reactant stream. Again, attempts were made to correlate the properties of the 
materials with their N2O conversion; again, none were found. Of all of the materials 
tested, the V-exchanged AIb^^ Laponite showed the highest potential as a deN20 
catalyst, maintaining its 100 % conversion throughout time in stream studies.
7.2. F u rther W ork
Suggestions for further work are as follows:
1. Slow crystallisation of the “Alnln^^ Keggin sulphate” and full characterisation of 
the resulting phases.
2. Complete deN20 and deNO catalytic testing of all o f the materials in this work.
3. Catalytic testing of the materials in this work in the presence o f common catalyst 
poisons such as SO2, 0 2 , CO and H2O.
4. Further in-situ FT-IR studies in the presence of both NO and N2O in an attempt 
to elucidate deNO and deN20 reaction mechanisms.
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5. Pillaring and post pillaring exchange of other parent clays and their subsequent 
catalytic testing.
6. Pillaring of Laponite and other clays with Ti based pillars
7. Attempt to intergrate the pillaring reaction into the synthesis o f Laponite and 
other synthetic clays.
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Appendix 1 
Decomposition of ^ ’Si MAS -  NMR Spectra
Appendix 1
o b s e r v e d
c a l c u l a t e dc o m p o n e n t s
-95 -105-75 -90 -100-70 -80 -85 -110 -115
Figure A.I. Decomposition of ^^Si MAS-NMR spectrum of “AlnFe^^” exchanged 
Laponite.
Ô % contribution of component peak
-78.4 3.6
-87.5 11.5
-94.6 84.9
Table A.I. Decomposition of ^^Si MAS-NMR spectrum of “Ali2Fe^^” exchanged 
Laponite.
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o b s e r v e d
c a l c u l a t e d
c o m p o n e n t s
-75 -80 -85 -115-70 -90 -95 -100 -105 -110
Figure A.I. Decomposition of ^^Si MAS-NMR spectrum of “Al^Fe^^” exchanged 
Laponite calcined at 300 °C.
Ô % contribution of component peak
-88.2 4.4
-95.7 94.0
-103.2 1.6
Table A.2. Decomposition of ^^Si MAS-NMR spectrum of “AluFe^^” exchanged
Laponite calcined at 300 °C.
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o b s e r v e d
c a l c u l a t e d
c o m p o n e n t s
-100 -105-75 -85 -95-70 -80 -90 -110 -115
Figure A.3. Decomposition of ^^Si MAS-NMR spectrum of “A l^F e'^’ exchanged
Laponite calcined at 400 °C.
Ô % contribution of component peak
-89.6 8.0
-96.4 89.3
-103.8 2.7
Table A 3. Decomposition of ^^Si MAS-NMR spectrum of “Ali2Fe^^” exchanged
Laponite calcined at 400 °C.
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o b s e r v e d
c a l c u l a t e d
c o m p o n e n t s
-90-70 -75 -80 -85 -95 -100 -105 -110 -115
Figure A.4. Decomposition of ^^Si MAS-NMR spectrum of “Al^Fe^^” exchanged 
Laponite calcined at 600 °C.
Ô % contribution of component peak
-79.1 4.2
-84.7 8.5
-91.6 21.8
-97.8 62.7
-104.6 2.7
Table A.4. Decomposition of ^^Si MAS-NMR spectrum of “Al^Fe^^ exchanged 
Laponite calcined at 600 °C.
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Appendix 2
Param eters derived from nitrogen sorption data a t 77 K
M rijn / mol g'^ Sbet / m^ g ^ (& /A Vg / cm^ g D
Na 3.42 334 31.2 ±1.0 0.23 3.1
K 3.24 316 32.0 ± 1.0 0.22 3.1
Mg 3 29 321 31.7±1.0 0.26 3.0
Ca 3.44 336 31.3±1.0 0.24 2.9
Ba 3.29 321 32.5 ± 1.0 0.22 3.1
V 3.57 348 31.9 ±1.0 0.27 2.9
Mn 3.60 351 32.3 ± 1.0 0.28 3.0
Co 3.50 341 31.0± 1.0 0.26 3.1
Ni 3.34 326 31.6± 1.0 0.25 3.1
Cu 3.41 333 32.1 ±1.0 0.23 3.0
Zn 3.23 315 30.8 ± 1.0 0.23 3.1
C u -N a 3.31 323 31.0 ± 1.0 0.26 3.0
C u -K 3.25 317 32.0 ± 1.0 0.24 3.0
C u-M g 3.46 338 31.3 ± 1.0 0.27 3.1
Cu - Ca 3^2 344 32.1 ± 1.0 0.26 3.0
C u -B a ^36 328 32.7 ±1.0 0.23 3.0
C u-Z n 3.31 323 31.2 ± 1.0 0.22 3.1
Table A2.1, Parameters derived from nitrogen sorption data at 77 K for metal, M, 
exchanged “AIb” Laponite.
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M n ,„  / mol g'* S b e t  / m^ g ^ ds:l A P G / c m " g ' D
Na 2.78 271 33.6 ±1.0 0.24 2.9
K 2.94 287 32.8 ±1.0 0.26 2.9
Mg 2.99 292 31.8± 1.0 0.23 2.9
Ca 2.74 267 32.2 ±1.0 0.26 2.9
Ba 2.90 283 33.0 ±1.0 0.28 2.9
V 322 304 34.1 ± 1.0 0.27 2.8
Mn 3.06 299 32.5 ±1.0 0.28 2.9
Co 3.19 311 31.7 ±1.0 0.23 3.0
Ni 2.81 274 32.6 ± 1.0 0.23 2.9
Cu 3.09 301 33.4 ±1.0 0.25 2.8
Zn 2.93 286 31.4 ± 1.0 0.24 2.8
C u -N a 2.96 289 32.5 ± 1.0 0.23 2.9
C u -K 3.14 306 33.0 ± 1.0 0.25 2.9
C u-M g 2.86 279 33.9 ± 1.0 fr26 2.9
Cu - Ca 2.91 284 32.9 ±1.0 0.23 2.8
C u -B a 2 98 291 32.6 ± 1.0 026 2.9
C u -Z n 2.80 273 33.8 ± 1.0 0.25 2.8
Table A2.2. Parameters derived from nitrogen sorption data at 77 K for metal, M, 
exchanged “Al^Ga” Laponite.
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M n,n / mol g‘ Sbet / m^ g ^ dfcl Â. Fb/cm "g-' D
Na 3.08 300 31.9 ± 1.0 0.25 3.0
K 3.36 328 31.6 ±1.0 0.27 2.91
Mg 3.54 346 32.4 ± 1.0 0.25 3.1
Ca 3.60 351 31.3 ±1.0 0.24 3.2
Ba 3.15 307 32.2 ± 1.0 0.23 3.1
V 339 330 34.6 ±1.0 0.29 2.8
Mn 3.61 352 32.6 ±1.0 0.25 3.1
Co 3.42 334 31.0 ± 1.0 0.24 2.9
Ni 3.36 328 33.3 ±1.0 &26 3.0
Cu 3 06 298 33.3 ±1.0 0.26 2.92
Zn 3 37 329 31.4 ±1.0 0.27 2.9
C u -N a 3.10 302 32.0 ±1.0 0.25 2.91
C u -K 3.26 318 32.0 ±1.0 0.26 2.9
Cu - Mg 3.45 337 31.6 ±1.0 0.22 3.2
C u -C a 3.31 323 32.3 ±1.0 0.22 3.1
C u -B a 3.19 311 32.7 ±1.0 0.22 3.0
Cu - Zn 3.30 321 32.2 ± 1.0 0.26 2.96
A 2 3 , Parameters derived from nitrogen sorption data at 77 K for metal, M, 
exchanged “AlnFe” Laponite.
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M n ,„  / mol g‘^ S b e t  / m^ g ^ d ^ l  Â P c /cm  g" D
Na 3.27 319 33.4 ±1.0 &29 2.8
K 3.34 326 34.4 ±1.0 0.32 2.8
Mg 3.21 313 34.1 ± 1.0 0.25 2.8
Ca 3.05 298 33.2 ±1.0 0.31 2.8
Ba 3 29 321 34.3 ± 1.0 &25 2.8
V 3.67 358 33.8 ±1.0 0.32 2.8
Mn 3A2 334 33.0 ±1.0 0.31 2.8
Co 3.02 295 33.5 ± 1.0 0.28 2.8
Ni 3.40 332 34.1 ±1.0 0.28 2.8
Cu 348 3.57 34.3 ± 1.0 0.31 2.8
Zn 3.19 311 33.9 ± 1.0 0.26 2.9
C u -N a 3.45 337 33.4 ±1.0 0.29 2.8
C u -K 3 J4 326 34.0 ± 1.0 0 J2 2.8
C u-M g 3.55 346 33.5 ±1.0 0.31 2.8
C u -C a 3.60 351 33.9 ± 1.0 0.27 2.8
C u -B a 3.24 316 34.3 ±1.0 0.30 2.8
C u -Z n 3 06 299 34.0 ± 1.0 0.28 2.8
A2.4 Parameters derived from nitrogen sorption data at 77 K for metal, M, 
exchanged ‘"Ali2ln” Laponite.
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